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Preface 



Applied catalysis is based nowadays not only on empirical knowledge but also on 
the many insights, that have been gained from the fundamental understanding of 
catalysis. It also comprises knowledge and expertise from catalytic reaction 
engineering, in particular kinetics of the catalytic reaction and its interplay with 
heat and mass transfer as well as fluid dynamics and the specific conditions 
prevailing in the type of reactor used. 

Applied catalysis comprises many areas from a reaction point of view, many 
types of catalytic materials from which catalysts are formed are needed to achieve 
high selectivities and space-time yields, last but not least catalysts should have a 
long life time to which its deactivation is detrimental. A catalytic material that 
fulfils all the demands then often requires special mechanical and thermal 
treatment to be used in practise. 

Various books have been written about specific areas as mentioned above. It is 
the intention of this contribution to present timely reports by well-recognised 
experts in the field to outline the state of science and technology in selected but 
representative areas illustrating the basic principles of applied catalysis. 

The book is introduced by an overview of the economic and industrial 
importance of catalysis. Thereafter, selected reactions in heterogeneous catalysis 
are presented comprising the partial oxidation of light alkanes, the selective 
hydrogenation of multiply unsaturated hydrocarbons, catalytic reforming and the 
application of zeolites in catalysis. Another part of the book covers the 
preparation, functionality and characterisation of solid catalytic materials 
describing in detail catalyst preparation, tools for high-throughput experimentation 
in the development of heterogeneous catalysts, the preparation and application of 
ordered mesoporous materials and the in-situ characterisation of heterogeneous 
catalysts. Homogeneous catalysis, polymerisation catalysis and biocatalysis which 
nowadays play also an important role in the field of applied catalysis are 
introduced by three different chapters. Finally, the part catalytic reaction 
engineering deals with kinetics of heterogeneous catalytic reactions, catalyst 
deactivation, so-called divided catalytic processes as well as structured catalysts 
and micro-structured reactors. 

The book shall guide the experts in practice and science to state-of-the-art 
knowledge but it also should serve the interested novice to enter the field of 
applied catalysis on a high level. 

The effort in putting together all the chapters was not always easy. I therefore 
thank all the authors who finally contributed to the completion of the book. In 
particular, I would like to thank Dr. Angela Kockritz who brought together all 
these efforts. 

Sincere thanks are due to all the reviewers, including many from the Institute 
for Applied Chemistry Berlin- Adlershof e. V. but also from other institutions who 
assisted me to bring the many chapters in their final shape. 




VI Preface 



Finally, I thank Hannelore Gube who did all the fine-tuning and necessary 
adjustments of the chapters to comply with the requirements of Springer Publisher 
and its representatives who patiently advised us in many editorial questions. 



Berlin, Germany MANFRED BAERNS 

2003 
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The Importance of Catalysis in the Chemical 
and Non-Chemical Industries 



Friedrich Schmidt 

83024 Rosenheim, Lug ins Land 52, Germany 
friedrich.schmidt@ sud-chemie.com 



Abstract. The chemical industry is an enabling industry. Chemicals are supplied to almost 
every other industry. The manufacture of goods from oil, coal or gas to everyday consumer 
products comprises in more or less all cases at least one catalytic step. Through its 
processes and products industrial catalysis contributes about one quarter to the gross 
domestic product of the developed countries. At the turn of the century, the value of the 
catalyst world market, including captive use, was estimated to be about 10 billion US$ with 
V4 refining, polymers, Va chemicals and Va environment. The goods and services created 
from petrochemistry, refining and polymerization catalysis on average were estimated to be 
about 200 to 300 times the value of the catalyst. 

Catalysis is truly multidisciplinary with respect to various areas: inorganic chemistry, 
organic chemistry, bio-chemistry, chemical engineering, bio-engineering, materials science, 
surface science, kinetics, and theoretical chemistry. 



1. Introduction 

History reveals, that the chemical industry has almost always reacted to those 
specific needs that have been identified by society and future economic and 
ecological; sustainability depends upon corresponding progress in the chemical 
industry. Because catalytic technologies are used in more than 80 % of the 
manufacturing processes for chemicals, catalysis is considered to be the 
fundamental key to progress in the fulfilment of societal needs, which are: 

(i) Health, food and home care: 

- pharmaceuticals, fats and oils, surfactants, fragrances, super-absorber, 

(ii) New materials^: 

(natural gas-based) monomers for the polymer industry, polymerization 
technology for high performance polymers 



^ The macro-cycles of materials - more or less - have been based on wood and other bio- 
materials, stone, ceramics, brass, iron, steel, coal , oil and finally gas as raw materials 
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(iii) Energy, transportation and traffic^: 

- in power supply and transportation, catalysis is rigorously involved in the 
reduction of pollution prior to distribution in the energy channels as well 
as end-of the pipe control of pollution. 

- For the production of clean motor fuels with high octane or cetane and 
super ultra low sulfur, progress in catalytic technologies is essential. 

- Almost all conversion processes in a refinery are catalytic ones. 

- Fuel cells for converting hydrogen into power for homes or for the mo- 
bile sector require hydrogen production involving many catalytic steps. 

(iv) Preservation of environment and resources: 

- Some aspects regarding the preservation of the environment have been 
discussed above when mentioning the transportation sector. 

- However, stationary sources of pollution are numerous: in chemical 
plants the concentration of the pollutants in the off-gas and waste water is 
ultra low but due to the high volumes of throughput there is still room for 
improvement in reducing the absolute numbers. Reducing the bad odor of 
the emissions e.g. in the food industry or reducing volatile organic 
compounds from off-gases in paint producing and paint using industry 
are other applications where catalysis has a key function. 

In the near future and particularly in the long term, natural gas will 
obviously gain increasing importance as raw material for the chemical 
industry^. The conversion of natural gas into chemical intermediates 
requires numerous catalytic steps. These intermediates may act as 
building blocks for the polymer industry. High performance (polymer) 
materials are still one of the major growth areas of the chemical industry. 
With respect to the fact, that - particularly in view of the globally 
increasing population - the raw materials for the chemical industry are 
limited, the utilization of renewable raw material - i.e. bio-material - if 
possible, will be necessary. Again, catalysis is the key to the efficient 
conversion of bio-mass into energy or chemicals. 

As research in the above areas is very fundamental by nature, it is dominated by 
long term thinking, rather than by short term product life cycles which, in addition 
may be influenced by fluctuations of the economy. Progress with effect on 
sustainability is expected to occur in the areas outlined above. 

Catalysis is truly multidisciplinary not only with respect to societal items but 
also with respect to various disciplines: inorganic chemistry, organic chemistry, 
bio-chemistry, chemical engineering, bio-engineering, materials science, surface 
science, kinetics, and theoretical chemistry comprising quantum chemistry and 
molecular modeling. 

Progress in catalysis is society driven. The catalyst industry adds high value to 
goods produced. The goods and services created from petrochemistry, refining and 
polymerization catalysis were estimated to be about 200 to 300 times the value of 
the catalysts [1]. Reducing the cost of production of goods, reducing the 
consumption of natural resources, reducing emissions routing the direction of 



^ The macro-cycles for energy have been more or less based on wood, coal, oil, gas and 
may be based on hydrogen in the future 

^ Annually, about 110 billion Nm^ of natural gas are flared (1992 data, 4% of total 
conmiercial output are just flared!) 
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innovation are just aspects of the overall driving force. Through its processes and 
products industrial catalysis contributes about one quarter to the gross national 
product of the industrialized countries [2]. Furthermore, the chemical industry 
employs a large number of workers. US chemical industry employment in 1994 
averaged about one million [3], German chemical industry employment roughly 
half of that value [4]. 

In 2001 the value of the catalyst world market (including captive use) was 
estimated at about 12 billion US$. Other sources [5] estimated the 1999 world 
market for catalysts (including precious metals) to be of the order of 9 billion US$ 
with 24 % for refining, 23 % polymers, 24 % chemicals and 29 % environment. 

The chemical industry has a multiplier function with respect to subsequent 
industries. Chemicals are supplied to almost every other industry: food, clothing, 
health care, transportation, to name just a few. Every US automobile for example 
contains about 2.200 US$ of chemical processing and products [6]. What is more, 
the fuel for the automobile is coming from a refinery where catalysis plays the 
dominant role. The role of chemicals in everyday products becomes apparent 
mostly through polymers (plastics). The manufacture of the plastics from oil, coal 
or gas comprises in almost all cases at least one catalytic step. But not only cars 
and trucks rely on polymers, also homes and offices as well as computers. 
Moreover, an increasing number of industrial plants and trade shops need catalysis 
to protect the environment from toxic emissions. 



Table 1. 2001 Catalyst world market 



Area 


%of 

12BiUionUS$ 


%of 

9BilUonUS$[7] 


Refining 


23 


28 


Petrcx^hemistry 


26 


25 


Polymerization 


16 


26 


Environment 
thereof 90 % Automotive 


35 


23 



2. Petrochemistry 

Petrochemistry, representing about one quarter of the catalyst market, can be 
broken down as indicated in Table 2. It should be noted, however, that olefins as 
an important category are not mentioned in the table because presently most of the 
olefins are produced by steam cracking and some through FCC. “Commodity 
petrochemicals represent a maturing business, with market growth inevitably tied 
to GDP growth. Within the developed regions, individual product group growth 
rates will depend heavily on intermaterial substitution, i.e. the ability of companies 
and products to penetrate markets held by the competitor” [8]. Reaching and 
maintaining technology leadership is the common method to generate and sustain 
the competitive advantage. In the case of commodity chemicals the economics of 
the process is highly dependent on the cost of raw materials. Technology 
leadership by decreasing petrochemical manufacturing cost is expected to come 
through the improvement of catalysts and processes e.g. being able to convert low 
value alkane feedstock into higher value petrochemicals. 
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Table 2. 2001 (Petro-) Chemical Catalyst World Market [9] 



Area 


Billion US$ 


Ammonia & Methanol 


698 


Oxidation 


537 


Hydrogenation 


350 


Organic Synthesis 


292 


Aromatics 


206 


Dehydrogenation 


202 



2.1 Olefins 

Dehydrogenation processes (indicated under dehydrogenation in Table 2) count 
mainly for iso-butene, to a much smaller extent for propylene and up to now no 
ethylene has been produced by catalytic dehydrogenation. Because prices for 
olefins from steam cracking follow the oil price like a shadow [10] independent 
routes such as the dehydrogenation of low value paraffins are attractive. Table 3 
shows the results of a demand study issued by ChemSystems [11] plus some 
current prices [12]. 



Table 3. Petrochemicals: estimated demand^ and current contract prices’^ 



Olefin 


1998 Demand 
million tons 


2003 Demand, estimated 
million tons 


May 2002 Contract 
€ per ton 


Ethylene 


80,4 


105 


510 


Propylene 


46,0 


62 


437 


Butadiene 


7,6 


9 


410 


Benzene 


29,0 


36 


399 


p-Xylene 


13,3 


18 


540 


Ethylene glycol 


10,3 


31 


- 



Ethylene 

Uses: more than one half of global ethylene demand is ascribed to polyethylene 
and other polymers. Other major derivatives are ethylene oxide/glycol, ethylene 
dichloride/vinylchloride and ethylbenzene/styrene. Smaller use is made of acet- 
aldehyde, LAO (linear alpha olefins) and vinylacetate. 

Propylene 

Today, steam crackers and FCC (Fluid Catalytic Cracking) units supply 66 % 
and 32 % correspondingly of propylene to chemical processes whereas propane 
dehydrogenation counts for only 2 %. Because FCC units predominantly produce 
motor gasoline, and steam crackers mostly ethylene, propylene will under these 
circumstances always remain a by-product. The question remains why traditional 
alternative commercial routes have not gained a higher market share than 2 %. 
Obviously the driving power of the state-of the-art dehydrogenation technology is 
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too weak to benefit from the difference of the cost of the high value propylene as 
compared to the low value propane. A step-change improvement of the catalyst 
and the process as well seems to be necessary. 

Uses: Polypropylene accounts for about 55 % of propylene output and oxo- 
alcohols, acrylonitrile and propylene oxide each totals about 9 % while cumene 
about 7 % of West-European production [13]. 

Butadiene 

Production: Butadiene is a by-product of the FCC process for the production of 
gasoline, as well as a by-product of the steam-cracking process for the production 
of olefins. Today about 20 % of the world butadiene demand is produced by 
dehydrogenation. The best known one-step dehydrogenation process is the Houdry 
Catadiene process, which has been in operation since 1943. 

Uses [14]: Styrene-butadiene rubber (SBR) accounts for 31 % of global 
butadiene demand, followed by polybutadiene (PBR) at 28 %. Other uses are 
elastomers such as acrylonitrile-butadiene-styrene (ABS) resins and adipinonitrile 
with nylon 6,6 being the end-use. Most of the butadiene is extracted from the C4 
fraction of the steam cracker (see above). Butadiene prices and margins have been 
too low to stimulate development of alternative catalytic production routes and 
even to encourage new projects using existing technology. Rather, conventional 
catalytic conversion of butadiene together with proven separation technologies 
have led to a variety of products [15]. 



2.2 Direct Oxidation of Paraffins 

The area can be clustered in three groups: (i) conversion of paraffins to olefins by 
dehydrogenation, (ii) conversion of paraffins to oxygenates and (iii) conversion of 
paraffins to nitrogen containing compounds. Due to the importance of innovation 
in the area of paraffin activation one chapter of the present monograph is 
exclusively devoted to paraffin conversion: “Partial Oxidation of Light (C 2 to C^) 
Hydrocarbons (Fundamentals and Industrial Application)”, in addition a few re- 
marks are added to the oxidative conversion of methane. 



2.3 Dehydrogenation 

The importance of developing new economical more feasible processes to convert 
short chain paraffins into high value olefins has been discussed above. The need 
for a new dehydrogenation technology should not be driven by the demands of 
today’s market. The olefins supply, demand and price issues are effected by 
several different economic factors and all are of short term nature. For instance, 
there was a time when the industry was short in propylene and this triggered the 
development of catalysts containing ZSM-5 and similar additives to boost the 
propylene yield of the FCC process. However, a short term solution for a 
particular propylene shortage should not prevent the R&D community from 
developing a solution for converting low-value paraffin into higher-value olefins, 
which is a long term issue. 
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From an industrial point of view the challenges still are: (i) longer cycle time of 
the catalyst, (ii) higher conversion, (iii) lower steam to paraffin ratio (in cases of 
steam usage), safe process technology (in case of oxidative dehydrogenation) and 
better selectivity (in the case of oxidative dehydrogenation). The same criteria are 
also applicable for alkyl-aromatics such as ethylbenzene. In that case, low steam 
to oil and better selectivity are today’s most important targets for the conversion 
of ethylbenzene to styrene. 



2.4 Methane Conversion 

The proven technology of the partial oxidation of methane is the conversion to 
synthesis gas (see e.g. Baems and Kondratenko) to produce either chemicals or 
fuels. The “chemicals” may be hydrogen, ammonia or methanol and the products 
produced from these chemicals. The fuels may be (i) gasoline via methanol or via 
Fischer Tropsch or (ii) diesel via waxes from Fischer Tropsch process technology, 
i.e., the conversion of synthesis gas to hydrocarbons. Because the volumes of gas 
from the particular sources are huge, large output of products is necessary: 
“MegaMethanol”, fuel, polypropylene, polyethylene... 

Methanol can easily be shipped from remote areas where natural gas plants 
used to be located to the sites of the chemical industry. Enormous quantities of 
methanol would be used for high value added chemicals such as ethylene or 
propylene or even higher quantities for fuels. 

The real challenge for catalysis and a step change of technology would be the 
direct conversion of methane to formaldehyde or to acetic acid or, most 
preferably, to methanol (see e.g. Buyevskaya and Baems). In the latter case huge 
volumes are needed for tomorrow’s MegaMethanol market. 



2.5 Direct Conversion of Paraffins to Nitrogen-containing Compounds 

Huge efforts have been devoted to developing new and direct routes to nitriles. 
But there is still much room for improvement. The recently developed conversion 
of propane to acrylonitrile is less selective than the proven commercial processes 
based on propylene feed stock. The lower selectivity causes higher unit con- 
sumption of the paraffin relative to the olefin and the plant has to be larger to 
some extent which results in a higher cost of depreciation. Hence, for the paraffin 
based processes a step change in performance is necessary to take full benefit of 
the lower feed stock cost [16]. 



3. Refining 

Refining, representing another quarter of the world catalyst market, comprises two 
major processes. As shown in Table 4, a total of 645.000 tons per annum of solid 
catalyst are produced world-wide, worth 2.2 million US$. The highest catalyst 
volumes are consumed for catalytic cracking. In Western Europe catalytic refor- 
ming is the most important refining process, as can be taken from the figures in 
Table 5. 
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Table 4. Refining processes: production and sales 



Processes 


Thousand tons 


% 


Billion US$ 


Cracking 


495 


77.0 


0.7 


Hydrotreatments 


100 


15.5 


0.72 


Hydrocracking 


7 


1.1 


0.10 


Reforming 


6 


0.9 


0.12 


Others 


~35 


5.5 


0.56 


Total solids 


-640-650 


100.0 


2.2 


Alkylation 


3100* 


- 


0.85 



« Others »: catalysts for H2 production, polymerization, isomerisation, etherification.. 



Claus, lubes etc... 

* approximate values. 



Table 5. The gasoline components of different process technologies in the USA and West 
Europe along with their octane numbers [17] 



Source 


USA % 


W.Eur.% 


RON 


MON^ 


Distillation 


3.8 


7.5 


65-80 


60-75 


Reforming 


34.0 


40.0 


100 


89 


FCC 


36.0 


27.0 


93 


80 


Pyrolyse 


-0 


-0 


82-96 


74-85 


Hydrocracking 


2 


-0 


85 


80 


Isomerisation 


4.5 


10.0 


85-88 


82-85 


Alkylation 


13.0 


9.0 


94 


92 


Polymerization 


-0 


-0 


95 


82 


Butanes 


5.0 


5.5 


95 


92 


MTBE 


1.7 


1.0 


113-117 


95-101 



* benzene = low values in the case of low T pyrolysis (VB or Coking) and very high in 
the case of Steam cracking. 



The reformate has very high research octane number (RON)^ but is also high in 
aromatics. Today in most cases there is no necessity to completely remove 
benzene from motor fuel and a significant portion of the benzene and alkyl- 
benzene fraction is supplied to the aromatics complex. However, the European 
2005 Auto Oil Program calls for a significant reduction of aromatics in fuels from 
the presently 42 vol.-% down to 35 vol.-% in the future. This, obviously, will 
directly affect naphta reforming, because the production of high RON aromatics is 
the ultimate goal of the catalytic reforming process. Because of the very high 
volumes of fuel as compared to chemicals, the excess of aromatics resulting from 
the reduction of aromatics in fuels (from 43 vol.-% to 34 vol.-%) cannot fully be 
used by the chemical industry. The entire market for solvents or aromatics being 
based on the amount of monomers for the polymer industry is too small to cope 
with the huge volumes which will swap from the refinery to the chemical industry. 



^ MON is the motor octane number obtained from a motor test procedure 
^ RON is the research octane number, which basically is calculated from the chemical 
composition of the gasoline 
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Table 6. European specification for the year 2005 





Europe 2000 


Europe 2005 


California 
(CARB Phase I)^ 


RVP (Summer), bar^ 


6.0 


AO-II 


5 


Sulfur, ppmw 


150.0 


50 


30/80 


Benzene, vol.-% 


1.0 


1.0 


0.8/1. 2 


Olefins, vol.-% 


18.0 


AO-11 


4.0/10.0 


Aromatics, vol.-% 


42.0 


35 


22/30 


Oxygen, wt.-% 


2.7 


AO-II 


1. 8/2.2 



Therefore, a considerable amount of the aromatics needs to be converted to 
components with the highest possible RON. The increase of 1 RON corresponds 
to about 900.000 US$ per year for a 300.000 tons per annum hydro-isomerisation 
unit. In Table 5 several major refinery processes to improve RON are shown: 
these include isomerisation, reformation, addition of FCC-Naphtha, alkylation, 
addition of oxygenates or polygas or butanes. The effect of these options with 
respect to the new specifications is different for each particular process. Keeping 
in mind the Californian ban on MTBE and also the fact that the oxygenate content 
has to be reduced to half of the present value, one option would be alkylation 
or/and isomerisation” [18]. 



Table 7. Specifications of gasoline components [19] 



Source 


S (ppm) 


Arom. 
vol % 


Benz, vol % 


Olef. vol % 


Distillation 


100-200 


2-4 


1-2 


< 1 


Reforming 


0 


60-75 


3-5 


< 1 


FCC 


500-2000 


25-35 


0.7-1.5 


40-50 


MTBE 


0 


0 


0 


- 



The naphtha feed stock used for the catalytic reformer comprises a mixture of 
about 300 different compounds (paraffins, naphthenes and aromatics) in the range 
of carbon numbers between C5 and CIO. The catalytic reactions are dehydro- 
genation of naphthenes, isomerisation of paraffins and naphthenes, dehy- 
drocyclization of paraffins and hydrocracking. Reforming catalysts generally 
possess both an acidic and a metallic function. The two functions need to be 
balanced thoroughly for each reaction condition and feed stock. In principal, it is 
possible to boost the LPG yield significantly. Special catalysts can increase the 
C4-yield from about 3-7 wt.-% up to 20-24 wt.-% [20]. For use in the fuels pool, 
these C4"s need to be converted further to higher molecular weight compounds 
because of the vapor pressure limitations. 



^ CARB is a Californian Clean Air Act 

^ RVP is the vapour pressure measured according to an internationally agreed procedure 






The Importance of Catalysis in the Chemical and Non-Chemical Industries 



13 



4. The Application of Zeolites in Catalysis 

In 1998, the world market for the synthetic zeolites was estimated to be about 1.6 
billion US$, of which catalysts represented slightly more than 50 % by value [21] 
but only about 12 % or 160 thousand tons of zeolites by volume. 

The majority of the refining processes indicated in Table 4 are based on 
zeolites: cracking (FCC), reforming, isomerisation, hydrocracking and to a certain 
extent, dewaxing, isodewaxing and polymerization. Zeolites of structure type FAU 
dominate the refining applications both in volume and value. MFI-type and MOR- 
type zeolite containing catalyst are also widely utilized in the refining processes. 
Other zeolite structures are applied in niches only. 

In the area of petrochemicals, the dominant use of zeolites is in the trans- 
formation of aromatics (alkylations, isomerisation, disproportionation, trans- 
alkylation) which, in 1999, correspond to 8.4 % and 6 % of the value and tonnage 
of petrochemical catalysts, respectively. For the commercial conversion of 
aromatics, catalysts containing the zeolite structure types MFI, MOR, BEA and 
MCM-22 as major component are used. 

SAPO-34 and MFI based zeolites are used for the conversion of methanol to 
short chain olefins. Once the demonstration plant scale has turned into commercial 
success, the demanded zeolite volumes will be of the order of several hundred 
tonns per plant and per annum. 



5. Homogeneous Catalysis and Polymerization 

Polymerization, accounting also for about one quarter of the global catalyst 
market, is dominated by two major homogeneous processes: ethylene 
polymerization and propylene polymerization. Two major types of catalyst sys- 
tems are used. New generations of Ziegler-Natta type and metallocene-type 
catalysts. Because of the importance of polymerization catalysis, a separate chap- 
ter of this monograph will deal with that subject. 

Other homogeneous catalysed commercial processes for bulk chemicals: 
are hydroformylation and to a much lesser extent metathesis. Metathesis may 
achieve greater importance in the future to increase propylene yield from steam- 
cracking units by reacting butenes and ethylene. In addition, many high-value fine 
chemicals in the field of health, food and home care are produced via homo- 
geneous catalysis. This very interesting topic will be discussed in a separate 
chapter of this monograph. 

Hydroformylation: Aldehydes are produced in large quantities by the homo- 
geneous catalytic reaction of carbon monoxide and hydrogen with an olefin. Most 
of these so-called oxo-aldehydes are further processed to the corresponding oxo- 
alcohols. The 1997 consumption figures have been reported to be close to 8 
million tons per annum [22]. 66 wt.-% thereof account for n-butyraldehyde for the 
production of the plasticizer alcohol 2-ethylhexanol (about 33 wt.-%) and n- 
butanol (about 33 wt.-) for the coatings industry. About 15 wt.-% of the total oxo- 
alcohol production are C5-C15 plasticizer alcohols and about 9 wt.-% of the total 
oxo-alcohol comprising iso-butyraldehyde for the polyester and resin industry. 
The long chain detergent alcohols accounting for about 5 wt.-% of the total oxo- 
alcohols compete with alcohols from renewable resources. 
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6. The Preparation of Catalysts 

The preparation of heterogeneous catalysts is still mainly based on the knowledge 
and experience of man rather than on rational design at molecular and atomistic 
level. Molecular modeling and molecular design, for the time being, are more 
often successfully applied to homogeneous catalysts. A somewhat different 
approach is taken by high-throughput experimentation. Libraries of formulations, 
physical and chemical properties and catalytic data for various chemical reactions 
are intentionally created for particular reactions. Over several generations of 
catalyst preparation, characterization and testing, progress towards the target 
reaction is achieved. The set of starting data as well as the selection of best 
candidates (for improvement) between the generations can be done by e.g. genetic 
algorithm, by chance or semi-empirical, i.e., based on experience, literature data 
of similar situations and personal knowledge. In spite of the fact, that huge 
progress has been made in surface and material science and several new physical 
methods have been introduced to catalysis during the last decades, there is still a 
long way to go until rational molecular design of catalysts for particular reactions 
will be common practise. 

The reason for this situation may be, that catalysis is a very complex science 
and technology. Taking zeolites as an example, the design should be precise over 
many orders of magnitude: 

(i) on the atomistic scale (0,1 nm), the location and particularly the nearest 
and next nearest neighbours of e.g. the protons need to be designed, then 
prepared in an experiment, and finally should be preserved under reaction 
conditions, 

(ii) the residence time of reactants and product molecules close to the active 
site is determined by zeolite pore (1 nm) and window size, which is 
known for ideal single crystals, but for agglomerates and polycrystals a 
variety of different active sites and pores is formed, which either have to 
be avoided or have to be designed on purpose, 

(iii) moreover, in cases of the successful preparation of single crystals with 
pre-determined location of the active site and a predetermined pore 
system, the crystal size (5 - 5000 nm) and morphology should be 
designed and then realized by experiment because e.g. in catalysis the 
length of the diffusion path of the products through the crystal influences 
the probability of consecutive reactions, 

(iv) furthermore, the crystallite size distribution determines the porosity 
(micro-, meso- and macroporosity, accessibility and residence time) of 
the shaped catalyst, which in turn influences the crush strength of the 
particle, which then has to be improved by designing and thereafter using 
an appropriate type and amount of (inert) binder, 

(v) finally, the shaped particle (1 mm) has to be designed to obtain a 
maximum of active sites at a minimum of pressure drop in the reactor (1 
m). 

(vi) And finally all the specifically designed properties need to be produced 
and guaranteed throughout a delivery-batch of five up to one hundred 
tons. 

A special chapter of this monograph will deal with the design and preparation 

of mesoporous materials. 
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7. In situ Characterization of Catalysts 

In situ characterization of the catalyst in the working stage is a very important tool 
for getting information on the physical and chemical characteristics of the working 
catalyst. This monograph will report on current developments in this field. In 
recent years great progress has been made in developing new methods. In some 
cases very good correlations have been found between certain physical and 
chemical properties and the catalyst performance. In several cases these physical 
and chemical properties could be correlated with particular routes of catalyst 
production or specific techniques of catalyst activation on an industrial scale. 
Although these characterization tools help to understand in retrospect why a 
catalyst or a particular process condition is favorable to the desired product, there 
are great expectations for the near future that these methods will help to find 
optimised process conditions or optimised catalyst properties and that these 
methods will support a rational catalyst and process design in the long term. 



8. Catalytic Reaction Engineering 

Catalytic reaction engineering should be an integral part of any rational catalyst 
and process design. New reactor concepts in combination with new analytical 
tools to follow in situ the kinetics of a catalytic reaction characterize the progress, 
that has been made. One of the few unconventional reactor concepts that has 
already been practice in industry for many years is catalytic distillation. In order to 
overcome equilibrium constraints this concept is used for a variety of chemical 
reactions. Miniaturization of catalytic reactor is another new direction of interest. 
Aiming at the vehicle sector, this technology will become very important in 
conjunction with the development of small hydrogen processors for fuel cells. 
Some of the aspects are also dealt within this monograph. 
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Abstract. This review examines the state-of-the-art in the oxidative transformation of C^- 
C4 alkanes to olefins and to oxygentaed compounds. Chemical, catalytic and technological 
aspects are discussed, in relation to both current industrial processes and processes under 
study or development. 



1. Introduction 

The interest in the transformation of light alkanes to valuable oxygenated com- 
pounds and olefins by means of oxidation has been growing in recent years, due to 
the possibility of developing new processes of lower environmental impact and of 
lower cost with respect to current processes for the synthesis of the same 
chemicals. Many reviews and monographs have been published [1-21], which 
analyze the fundamental aspects related to the oxidative activation and 
transformation of light alkanes over heterogeneous catalysts. Table 1 summarizes 
the possible reactions of C 2 to Q alkane selective oxidation which are of industrial 
interest, and their stage of development. 

The possibility of transforming ethane to acetic acid in one step is conditioned 
by the high chemical stability of ethylene, one of the most favoured products in 
ethane oxidative conversion [22-24]. Ethylene is always obtained together with 
acetic acid and carbon oxides. For the same reason, one possible commercial 
exploitation of ethane consists in a reaction where the olefin itself becomes the 
raw material for the transformation to a valuable chemical, either in the same 
reactor, or in an integrated process, where the ethylene-containing stream exiting 
from the first reactor is the feedstock (after necessary make-up) for the second 
reactor. An example might be the two-step ethane oxychlorination to 
1,2-dichloroethane, where the ethylene produced by oxidehydrogenation of ethane 
in the first step may be transformed to the chlorinated desired product in a 
downstream reactor. An even more advantageous process is the direct trans- 
formation of ethane to vinyl chloride; this process was studied in the 1970's, but 
did not reach commercial application. Interest is now growing again, as docu- 
mented by recent patents issued by companies which are PVC suppliers [25]. 
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Besides the oxidation of n-butane to maleic anhydride, the second successful 
heterogeneous gas-phase process involving the oxidation of a paraffin which is 
soon going to reach the commercialization stage is the ammoxidation of propane 
to acrylonitrile, developed separately by Standard Oil and by Mitsubishi Chemi- 
cal, for which fluidized-bed technology is employed [26-32]. Also in this case the 
stability of the product towards unselective consecutive reactions, has been a key 
factor for the development of the process till commercialization. 



Table 1. Industrial processes and processes under study or development for the oxidative 
transformation of light paraffins 



Raw material 


Product 


Stage of development 


Ethane 


Vinyl chloride 


Pilot plant 


Ethane 


Acetaldehyde 


Research 


Ethane 


Acetic acid 


Demonstrative plant 


Ethane 


Ethylene 


Research 


Propane 


Acrolein, Acrylic acid 


Research 


Propane 


Propyl alcohol 


Research 


Propane 


Acrylonitrile 


Demonstrative plant 


Propane 


Propylene 


Research 


n-Butane 


Acetic acid 


Industrial 


/i-Butane 


Maleic anhydride 


Industrial 


n-Butane 


Butadiene 


Industrial, abandoned 


Isobutane 


Methacrylic acid 


Pilot plant 


Isobutane 


Isobutene 


Research 


Isobutane 


r-Butyl alcohol 


Research 



Recently, papers have been published which describe attempts to transform 
isobutane into methacrolein and methacrylic acid in a single step, a process that 
might replace the aceton-cyanohydrin technology for methyl methacrylate 
synthesis, and propane to acrylic acid [33^2], which might replace the industrial 
two-step oxidation of propylene. Interest from industrial companies for these 
reactions indeed goes back to the 1980's. In these reactions a further problem 
arises due to the high reactivity of the desired products (methacrylic acid and 
acrylic acid) which under conditions necessary for alkane activation are not stable 
and undergo unselective oxidative transformations. 

The huge number of papers devoted to the reaction of oxidative dehy- 
drogenations of paraffins is an indication of the scientific and industrial interest 
for alternatives to catalytic and thermal dehydrogenation/cracking, reactions 
which suffer from energetic drawbacks and thermodynamic constraints [5, 9, 17- 
20]. In these cases the advantage gained from the use of a cheaper raw material 
and of an exothermal process must be weighed against drawbacks such as the loss 
of valuable hydrogen (coproduced in dehydrogenation and in steam-cracking), the 
difficulty in separation of CO from the paraffin (in the case of ethane oxi- 
dehydrogenation, but also of methane oxidative coupling to ethylene), and the 
formation of traces of corrosive by-products. While in the case of ethane the 
problem mainly concerns the low reactivity of the molecule (the selectivity to the 
olefin which is achieved is usually high, due to the low ethylene reactivity and to 
the nature of the mechanism involved), in the case of oxidehydrogenation of 
propane and of n-butane to the corresponding olefins the selectivity problem is of 
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main concern. With the latter molecules, the formation of allylic oxygenated 
compounds is the reason for the low selectivity achieved, since they are readily 
transformed to carbon oxides. 

Examples of the points which have been considered as key factors in deter- 
mining the pathway of alkane transformation to the product of selective oxidation 
are: 

1. activation of oxygen and of the alkane, and specifically: 

- role of adsorbed oxygen species [1-3, 6, 7, 11]; 

- importance of the mode of alkane adsorption [1-3, 5]; 

2. reactivity of the reactant and of the product(s): 

- mechanism of activation of the C-H bond (heterolytic vs homolytic 
activation) [11, 13]; 

- role of the stability of the products [9, 10, 12]. 

3. mechanism of transformation of the reactant: 

-importance of nondesorption of reaction intermediates [9, 10]; 

-importance of the relative ratio between intermediate olefin 
(oxi)dehydrogenation and oxygen insertion in affecting the selectivity to 
oxygenated products in the oxidation of C ^3 paraffins [9, 10]; 

-role of the nature of the reaction intermediate (hydrocarbon fragment) in 
determining the direction of oxidative transformation [11]; 

-contribution of homogeneous reactions, especially for applications which 
require temperatures higher than 400-450°C [12]; 

-effect of coadsorbates in facilitating the dissociative adsorption of saturated 
hydrocarbons [12]. 

The following catalyst features have been considered as fundamental tools to 
control catalytic performance (most of these aspects may be applied in general to 
hydrocarbon oxidation, while some of them are specific for alkane trans- 
formations): 

1. surface of the catalyst, i.e. the nature of the active sites, and how the surface is 
affected by the bulk features and specifically: 

- density of the active sites [9, 10], which can be explained by the "site 
isolation" theory [43]; 

- role of surface acidity [8, 11]; 

- need for intrinsic surface polyfunctionality [9, 10]. 

2. structure of the catalyst: 

- the redox properties of the metal in transition metal oxide-based catalysts, in 
terms of reducibility and reoxidizability of the active sites, and the metal- 
oxygen bond strength [5]; 

- the reactivity of specific crystal faces in the different transformations which 
constitute the reaction network [2, 6]; 

- role of structural defects in favouring the mobility of ionic species in the bulk 

[ 1 , 2 ]; 

- importance of cooperation effects of different phases in obtaining catalysts 
with improved performances [12, 44]; 
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- importance of the interaction between the support and the active phase in 
modifying the catalytic properties of the latter [12]. 



2. Classes of Catalysts 

for the Selective Oxidation of Alkanes 

Catalysts which can activate and oxidize paraffins belong to very different classes, 
which not only differ in the redox properties and thus in the ability to i) effectively 
make electrons exchange between the metal cation and the organic substrate, ii) 
abstract hydrogen from the reactant and iii) possibly insert ionic oxygen into the 
latter, but also possess very different acid/base properties. It is possible to broadly 
classify catalysts for alkane oxyfunctionalization into the following classes: 

Catalysts based on reducible metal oxides (typically, d-type transition metal 
oxides), for which a heterogeneous, redox-type mechanism is operating. In 
general, the mechanism may include the formation of an intermediate alkoxy 
species (this can also arise from the evolution of an alkyl ion or radical species). 
This occurs preferentially at lower temperatures (i.e., less than 450-500°C), but 
the temperature is a function of both i) reaction conditions, such as pressure and 
reactant concentration, and ii) the alkane reactivity. Either the olefin or other 
oxygenated products can be the prevailing product, depending on the nature of the 
alkane and on the redox properties of the active species. The ratio of the rates of 
evolution of the adsorbed intermediate to yield the desired product and of further 
reaction to carbon oxides determines the selectivity of the reaction. 

It is well known that the oxidation state of transition metal ions which 
constitute the active component of mixed oxide-based catalysts is a function of 
the operating conditions of the reaction, since the surface of the catalyst is in 
dynamic interaction with the gas phase [2, 21]. If operation is carried out under 
hydrocarbon-rich conditions (thus with molecular oxygen as the limiting 
reactant), under stationary conditions the active component may possess a lower 
oxidation state than under hydrocarbon-lean conditions. This also affects the 
catalytic performance in terms of activity and selectivity. Indeed usually more 
oxidized surfaces result in more active but less selective catalysts, while the 
opposite is true for more reduced surfaces. A lower oxidation state for the metal 
ion corresponds to a surface which is poorer in oxygen ions, and thus exhibits 
either a lower number of OMnsertion sites, or possibly an electron-richer surface 
where the metal-oxygen bond strength is different with respect to the fully 
oxidized surface, resulting in sites with modified oxidizing properties. All this in 
practice corresponds to the well-known "site-isolation" theory, developed years 
ago by Callahan and Grasselli [43], which claims the importance of having a 
statistically controlled number of surface oxidizing sites in order to favour the 
selective oxidation reactions against the combustion reactions. 

This has been the fundamental driving force for developing processes which 
operate in the absence (or in the Aresence of very low amounts) of oxygen in the 
gas phase. Indeed other advantages exist, such as the absence of hazards 
associated with the possible formation of flammable mixtures, which are instead 
possible when the hydrocarbon and the oxidant are co-fed. The most important 
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example is the DuPont process for the oxidation of /i-butane to maleic anhydride 
[45-50]. 

A particular case, which can be considered as intermediate between completely 
heterogeneous mechanisms and homogeneous reactions, are those reactions which 
even though they occur on redox-type catalytic systems, include a first step which 
occurs in the gas phase. An example has been reported by Moro-oka et al. [51, 52] 
for the oxidation of propane to acrolein over Ag/BiA^/Mo mixed oxides. In 
particular, under the conditions employed (temperature around 500°C), the 
thermal dehydrogenation of propane in the gas phase led to the formation of 
propene, which was then selectively converted to acrolein on the catalyst surface 
by 0-insertion sites. 

Catalysts based on nonreducible metal oxides (or, sometimes, systems which 
are very difficult to reduce under the reaction conditions), for which the 
mechanism is initiated on the catalyst and then transferred into the gas phase (or, 
at least, in the close proximity of the catalyst surface), via radical fragments 
obtained by homolytic scission of C-H and C-C bonds in the reactant. Electron 
exchange may occur anyway, but the mechanism of interaction between the 
catalyst and the reactant is not a classical redox one. 

A considerable amount of research work describes the use of these catalyst 
types. This is the case of methane oxidative coupling, where most active catalysts 
are those based on alkaline earth oxides, such as MgO and CaO, doped with alkali 
metal ions, but the same class of catalysts has also been found to be active and 
selective in the oxidehydrogenation of ethane to ethylene [53-62]. Since these 
compounds lack bulk-O^ -insertion properties, they are not used when the reaction 
is aimed at the production of oxygenates. 

Systems which are known to operate a nonredox-type activation of molecular 
oxygen and/or of paraffin are [17]: 

1 . Alkaline earth oxides, doped with various components, the latter being aimed at 
increasing the contribution of surface defects for hydrocarbon and oxygen 
activation [55-68]. These are essentially p-type semiconductors, at least at the 
temperatures used for paraffin activation. Alkali metal-doped and rare earth- 
doped alkaline earth compounds are amongst the most effective catalysts for 
ethane oxidehydrogenation. Promotion of chlorine, either directly fed to the 
reactor with chlorine-containing compounds, or added in the catalyst 
composition, lowers the reaction temperature considerably, and increases the 
selectivity to ethylene in methane oxidative coupling and in ethane 
oxidehydrogenation. The effect of chlorine can be different: i) gas phase 
reactions involving chlorine radicals can contribute measurably to the 
activation of the paraffin and to the formation of ethylene from ethane, thus 
increasing both conversion and selectivity; and ii) chlorine-modified active 
sites may be involved in the reaction; in particular, chlorine may inhibit the 
centers responsible for total oxidation. 

2. Rare earth oxides, which are p-type semiconductors (La203, Sni203, Dy203), 
even though ionic-type conductivity can contribute in some cases [69-82]. 
Cerium and praseodymium oxides (which instead are «-type semiconductors, 
and also exhibit remarkable ionic conductivity) are nonselective to C2 from 
methane, and in paraffin oxidehydrogenation as well, due to the high activity in 
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methyl radical attack by active oxygen species, which leaves less time for 
methyl radical dimerization. Alkaline earth metal-doped or alkali metal-doped 
rare earth oxides are particularly effective catalysts. 

3. Silica also exhibits unexpected oxidizing properties [83-86]. It is active in the 
oxidation of methane to formaldehyde. Silica also is active in the 
ammoximation of cyclohexanone to cyclohexanone oxime, intermediate in the 
synthesis of caprolactam. In these cases it has been proposed that surface 
defects (reduced sites) are the sites for the generation of active oxygen species. 
The formation of O 2 species, which are initiators of radical reactions occurring 
on the solid surface, was detected by means of EPR and measurements of 
surface potential. 

The contribution of homogeneous radical reactions in alkane oxidation can in 
general be neglected with those catalysts which typically operate at mild 
temperatures. On the contrary, gas-phase reactions may play a fundamental role 
when operation is carried out at the higher temperatures, thus typically on 
nonredox type catalysts [87-92]. Rare earth oxides and alkaline earth oxides, and 
in general nonreducible metal oxides, activate methane and ethane only at 
temperatures higher than 500-600°C. Besides the high temperatures used, reactant 
mixtures often are used with compositions which fall inside the flammability bell, 
and in the case of more reactive alkanes the temperatures used are close to the 
autoignition temperatures. In these cases the contribution of homogeneous 
reactions becomes fundamental, and the mechanism involves the contribution of 
alkyl radical species, which are generated at the catalyst surface and then may 
either i) quickly react at the adsorbed state (for instance, be transformed into the 
corresponding olefin via p-elimination, or undergo nonselective oxidative attack 
by adsorbed oxygen species), ii) alternatively further react in the close proximity 
of the catalyst surface (i.e., in the film which develops under laminary flow 
conditions), or iii) be transferred into the gas phase, where the reaction proceeds. 

Catalysts based on noble metals, which are usually considered as nonselective 
oxidation systems (i.e., they are typically used for combustion), but which under 
particular reaction conditions may become selective catalysts. Of particular 
relevance are the results of Schmidt and coworkers, who made an extensive study 
of paraffin oxidehydrogenation and methane partial oxidation in monolith-type 
reactors under autothermal conditions [93-99]. Noble metal (Pt, Pd, Rh) coated on 
ceramic foam monoliths were used. With these systems, control of the oxygen-to- 
hydrocarbon ratio, coupled with the high surface temperature reached on the very 
active metal surface, allows the reaction pathway to be addressed towards the 
formation of olefins. In fact, the key point of this catalyst type is the strong 
temperature difference between the surface (where temperatures are as high as 
1000°C) and the gas phase, due to the limitation of heat exchange through the 
film. Moreover, in these reactor configurations the residence time with respect to 
the thin layer of the catalytically active component is a few milliseconds. Very 
slow deactivation due to coke deposition was observed, and the selectivity to 
olefins (ethylene from ethane, propylene and ethylene from propane and from 
n-butane, propylene and isobutene from isobutane) was in most cases higher than 
60%, at very high paraffin conversions. 
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3. Technologies aimed at Control of the Oxygen Supply 
to the Catalyst 

In the case of redox type catalysts, the control of the properties of the catalyst is 
fundamental in order to obtain the best performance. Examples exist in the 
literature which describe the use of reactor technologies aimed at control of the 
oxygen supply to the reaction medium for the selective oxidation of paraffins. In 
particular, there is considerable interest in the use of catalytic membrane reactors, 
where the oxygen supply is controlled either via selective ionic diffusion (dense 
membranes), or through control of molecular diffusion (inorganic porous 
membranes) [100-102]. 

In porous inorganic membranes, the hydrocarbons and oxygen are fed 
separately at the core and shell sides of the membrane reactors. One advantage lies 
in the possibility of supplying oxygen to the reaction zone (where the catalyst is 
placed) in a distributed fashion over the entire reactor length, instead of feeding it 
together with the hydrocarbon at the reactor entrance. Therefore, the supply of the 
oxidant is governed by mass transport laws through the porous membrane. In this 
way the concentration of oxygen all along the reactor can be kept sufficiently low 
to kinetically favour the partial oxidation reactions instead of a complete 
hydrocarbon combustion, and to keep the catalyst at a desired average oxidation 
level. A further advantage of this configuration is that the reactants are kept 
separate, so as to avoid any flammability hazard; it is thus possible to feed 
undiluted fuels. 

Most publications which describe the use of membrane reactors deal with 
methane oxidative coupling [103-106]; a few papers have described the 
oxidehydrogenation of propane to propylene [107-109]. In the latter case, either a 
V/Mg/0 based catalyst was used, or a V205/y-Al203 based catalyst; in both cases 
the active component was coated in the form of a thin layer over the ceramic a- 
alumina membrane. However, no significant membrane effect was found. In the 
case of the V/Mg/O system, no difference in the performance was observed 
between the cofeeding mode and the separate feeding mode. On the contrary, an 
improvement in the selectivity was observed when a hybrid membrane 
configuration was adopted with separate feeding, where a V/Mg/O catalyst bed 
was enclosed in a microporous zeolitic membrane reactor. Analogously, no 
differences between the cofeeding configuration and separate feeding were 
observed in the case of the V205/y-Al203 based catalyst dispersed on the ceramic 
membrane [108, 109]. However, an improvement in selectivity to propylene, due 
to a lower contribution of the consecutive propylene oxidation to carbon oxides, 
was observed when the performance obtained with the membrane reactor was 
compared with that of a packed bed reactor. Furthermore, the turnover number 
was substantially improved. This effect may be attributed to a more efficient 
transport mechanism (i.e., convection instead of diffusion), as a consequence of 
the very low residence time of gaseous components with respect to the thin layer 
of active component (in the order of few milliseconds). A very low residence time 
of the hydrocarbon in the catalytically active material has also been claimed to be 
beneficial for selectivity in the formaldehyde dehydrogenation, due to a more 
narrowly distributed residence time of reactant and product in the pores of the 
catalytically active layer with respect to the bulk of the same active component 
[ 110 ]. 
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Solid-electrolyte membranes for the ionic diffusion of oxygen are made of 
Zr02, Ce02, Th02, SrCe02 [111]. Materials exhibiting superior 

conduction rates are constituted of perovskite solids (La/Sr and Y/Ba/Cu mixed 
oxides), which can transport oxygen with a rate of 10 mol cm^ s ^ through a 
vacancy diffusion mechanism. The mechanism consists in a dissociative chemi- 
sorption of molecular oxygen, with ionization of atoms and transport of the latter 
through the crystalline lattice up to the opposite surface where they lose the charge 
and again form oxygen. The driving force for the diffusion of the species can 
be either a difference of the pressure at the two sides of the membrane, or an 
electrical potential gradient obtained by electrodes deposited on the sides of the 
membrane. The possibility of pumping specific ionic oxygen species at a 
controlled rate directly to the catalytically active surface of the catalyst, may allow 
very specific oxidation reactions to be carried out, thus with a theoretical very 
high selectivity to specific products. The limitation of these materials is however 
the low rate of diffusion, and thus the low productivity which can be achieved. In 
addition, one technological limit consists in the sealing of these membranes into 
devices which have to operate at high temperature. 

Different applications which make use of oxygen-conducting electrolytes have 
been claimed, expecially in the oxidative transformations of methane [112, 113]. 
In this case, a further advantage is the rejection of nitrogen (when air is fed to the 
shell side of the membrane). In this way it is possible to overcome the problem 
associated with separation of nitrogen from the products and the unconverted 
reactant in the methane oxidative coupling. An electrochemical reactor, using 
yttria-stabilized zirconia (YSZ) as a solid electrolyte, and gold and silver as the 
anode and the cathode, respectively, has been used for the oxidation of alkanes at 
temperatures lower than 475 °C [114, 115], and for the partial oxidation of 
methane to syngas [116]. It was reported that ethane, propane, n-butane and 
isobutane can be oxidized with good specificity to aldehydes and ketones 
(acetaldehyde from ethane, acetone, propylene oxide and acrylaldehyde from 
propane, methylvinylketone, methylethylketone and butyraldehyde from n- 
butane, methacrolein from isobutane), even though at rather low conversion. 

Another remarkable example of a reactor technology aimed at the control of 
oxygen supply is the CFBR (Circulating Fluid Bed Riser) reactor developed by 
DuPont for the oxidation of w-butane to maleic anhydride (intermediate for 
tetrahydrofuran synthesis), which is now commercially available [45-50]. Similar 
technologies for alkane oxidation have been developed (but not made commercial) 
by ARCO for methane oxidative coupling and for paraffin oxidehydrogenation 
[117] and also claimed by Monsanto for propane ammoxidation [118]. Indeed, the 
first example in the field of hydrocarbon selective oxidation was developed for the 
ammoxidation of m-xylene [119]. All of these processes have a first step which 
operates under (almost) anaerobic conditions, and a second step where the reduced 
catalyst undergoes reoxidation by contact with molecular oxygen. It is thus 
possible to decouple the two steps of the redox reaction in two separate reactors, 
and make the hydrocarbon (HC) interact with the oxidized catalyst cat^^ in the 
absence of gas-phase oxygen to yield the oxidized product (HCO): 

HC + cat^^ ^ HCO + caCj 



cat„, + */2 O, ^ cat„. 
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Figure 1 shows the simplified flow-sheet of the DuPont process for tetra- 
hydrofuran production. Continuous catalyst reactivation by transport from the 
reaction vessel to the regeneration one is achieved. Very fast, exothermic reactions 
can be managed better than in fluidized-bed reactors. The operation becomes 
intrinsically safe, since the hydrocarbon and oxygen are not fed together, but 
separately in the two vessels. In addition, other advantages with respect to fixed- 
bed technology or conventional fluidized-beds, are: 

1. High flexibility of the plant, since the two sections can be designed and 
optimized separately by choosing the best conditions for each. Only the 
oxidation processes involving an oxygen ion transfer from the catalyst surface 
to the organic substrate occur, while undesired reactions involving molecular 
oxygen in the gas phase (i.e., homogeneous reactions of combustion) do not 
occur. 

2. Higher throughput, because of the higher gas velocity and the possibility to 
independently optimize the kinetic conditions for the two stages. 

3. Excellent intragrain and interphase heat and mass transfer, because of the fine 
solid particles used, and of the high gas velocity relative to the solid. 
Consequently, very high catalyst efficiencies can be achieved, and thermal 
gradients inside the particle can be considered minimal. 

4. Higher product concentration, which means fewer recovery problems. 

5. Like in turbulent fluidization, gas-solid contacting is improved with respect to 
the bubbling/slugging regime. 

6. Possibility to achieve better control of temperature in the riser by efficient 
cooling (quenching) through injection of cold gas along the reaction pathway. 

On the other hand, disadvantages are: 

1. The need for a catalyst with peculiar properties: high attrition resistance and 
high availability of active centers even in the absence of one reactant (i.e., 
ready availability of bulk oxygen). 

2. Significant uncertainty in scale-up, due to radial and axial gradients of the 
solid, and the lack of a model that allows for geometric parameters and 
discontinuity at the inlet and outlet of the riser to be foreseen. 

3. Under anaerobic conditions undesired oxygenated by-products can form, which 
would be otherwise burnt in the presence of gas-phase oxygen. 
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maleic anhydride (MA) 




Fig. 1. Simplified flow-sheet of the DuPont process for tetrahydrofuran production. 



4. An Important Property: Catalyst Multifunctionality 

From the materials point of view, it appears clear that there are no "simple" 
catalysts which can be used for the partial oxidation of a paraffin. All of the best 
systems are either constituted of several different components which cooperate in 
achieving the final product, or made of multicomponent structures which perform 
the different functions for a selective transformation. These different functions 
seem, therefore, to be a necessary feature for the activation of the C-H bond in the 
saturated substrate, for the multi-electron exchange and for oxygen (or nitrogen, 
or chlorine) insertion onto the latter [120, 121]. It is more or less clear that the 
cooperation of acidic and suitable oxidizing properties is a necessary condition. 
However, this is not sufficient, and best catalytic performances are obtained only 
when these properties are structured in such a way to allow the final product to be 
quickly reached, and rapidly desorbed before further oxidative transformations 
may lower the selectivity. A few examples amongst those described in the 
following chapters are clear systems having multifunctional properties, which thus 
couple in the same structure different moieties each one playing a well defined 
role in the reaction mechanism. This is true for i) vanadyl pyrophosphate, the 
catalyst for the industrial oxidation of n-butane to maleic anhydride, but which is 
also active for the oxidation of w-pentane to maleic and to phthalic anhydrides, ii) 
polyoxometalates, which are the systems of choice for the selective oxidation of 
isobutane to methacrylic acid and for propane oxidation to acrylic acid, and iii) 
mixed oxides which efficiently catalyze the trasformation of propane to 
acrylonitrile by ammoxidation, and which work well only when two different 
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functions are present, one aimed at the activation and oxidehydrogenation of 
propane, and one for the ammoxidation of the olefmic intermediate. 



5. Oxidation of Ethane to Acetic Acid 

The oxidation of ethane to acetic acid: 

+ 1.5 0^ CH3COOH + H^O 

represents a case which is different from the oxifunctionalization of other light 
paraffins. The absence of intermediate products having allylic methyl groups (the 
presence of which may direct the reaction pathway towards specific products), as 
well the propensity of ethane to give radical-like mechanisms, makes the reaction 
much less sensitive to specific catalyst requirements (i.e, multifunctional sites, 
aimed at specific transformations and cooperating within the overall mechanism), 
and much more dependent on reaction conditions. 

Catalysts which have been claimed for this reaction can be divided into 
different classes [122-138]. The first class corresponds to the mixed oxide of 
MoA'^/Nb (plus other components in minor amounts) first described in the paper 
by Thorsteinson et al. [122]. This paper can be considered as a milestone in the 
field of the selective oxidation of paraffins, in view of the number of active 
compounds which have been developed starting from catalysts therein described, 
and which exhibit surprising properties in the oxidative transformation of 
saturated hydrocarbons. Several patents have been issued by Union Carbide [123- 
127] regarding this catalytic system. The process and the catalyst claimed are 
aimed at ethane oxidehydrogenation, and acetic acid is only a minor by-product of 
the reaction. However the use of pressure above atmospheric enhances the 
formation of acetic acid with respect to that of ethylene. The main peculiarity of 
the catalyst is its capacity to activate the paraffin at low temperatures (lower than 
250°C). Catalysts similar to those claimed by Union Carbide have been studied by 
Merzouki et al. [128, 129], and by Burch and coworkers [130-132]. In recent 
patents by Saudi Basic similar compounds (MoA^/Nb/P/0) have been reported to 
perform excellently in the oxidation of ethane to acetic acid [133]. 

A second class of catalysts include V/P mixed oxides, and in particular one 
with a well-defined crystalline structure, vanadyl pyrophosphate (VO) 2 P 207 , (the 
catalyst which is used industrially for n-butane oxidation to maleic anhydride), 
claimed by The Standard Oil Co [134-136]. The same company claims the use of 
a fluidized-bed reactor for carrying out the reaction, with feeding of fresh ethane 
and oxygen and recycling most of the reactor effluents after separation of acetic 
acid. In this way a high concentration of CO 2 is maintained in the reactor in order 
to better control the temperature rise caused by the exothermic reactions, and also 
obviate the separation of carbon oxides from ethylene, including the costly 
cryogenic separation of CO. A flow sheet of the process is illustrated in Figure 2. 
In this case the catalyst described has the following empirical formula: 
MOo32Reo25Vo26Nboo2Sboo3Caoo20^, and is analogous to that described by [140]. A 
summary of catalyst compositions and performances described in papers and 
patents is reported in Table 2. 
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Fig. 2. Simplified flow-sheet of the Standard Oil process for oxidation of ethane to acetic 
acid. 



5.1 Characteristics of Catalysts Based on MoA^/Nb Mixed Oxides 

Catalysts made of MoA^/Nb mixed oxides possess unique reactivity properties, 
and are able to activate and oxidize paraffins at low temperature, with per- 
formances which are rather unique, starting from substrates having very different 
reactivity properties, like ethane and propane. Catalysts essentially based on 
MoA^/Nb/0 (also containing other elements to improve the specific performance 
in some reactions) have been claimed for the oxidation of ethane and propane, and 
for ammoxidation of propane. It is thus useful to describe in more detail findings 
reported in the literature concerning the compounds which constitute the active 
catalysts. 

The catalyst developed by Saudi Basic, based on a MoA^/Nb mixed oxide 
(doped with P) gives surprising results in terms of yield of acetic acid [133]. On 
the contrary of that claimed by other companies, the feed composition is not very 
rich in ethane, and the limiting reactant therefore is the hydrocarbon. This makes 
possible the high conversion claimed, and indicates that the major advantage of 
this kind of catalyst is the possibility to operate under hydrocarbon leaner 
conditions while keeping high selectivity even at high conversion. It is worth 
mentioning that also in the case of propane ammoxidation over 
MoA^/Nb/Te(Sb)/0-based systems high selectivity to acrylonitrile is obtained at 
high paraffin conversion. 
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Table 2. Summary of data characterizing the catalytic performance of several catalysts in 
ethane oxidation 



Catalyst 


Ref 


Conv. C 2 
(%) 


Sel. AA 

(%) 


Sel. C‘ 

(%) 


^%.73^0. IsI^O.OqDx 


128 


2.3 


100.0 


0 


^%.75^0.22Xbo osO^ 


123 


7.5 


18.4 


67.6 


^^2.5^1 .oXbo 320jj 


133 


65.0 


30.5 


26.9 


^®2.5^1 .O^bo 32 Po,(>42Dx 


133 


53.3 


49.9 


10.5 


Pq.OI 1 53^0.0 1 4Ti 1 .qDx 


139 


6.5 


38.0 


11.0 


V/Ti02 


138 


0.5 


73.0 


8.0 


(V0)2P202 


135^ 


5.7 


14.8 




(V0)2P202 


135^^ 


9.2 


7.5 


63.4 


ViPiReooieOx 


135^ 


4.4 


27.1 


8.2 


MoQ37ReQ25Vo.26NbQOf7SbQ03CaQQ20^ 


140 


14.0 


78.0 


12.0 



C 2 ethane; Q ethylene; AA acetic acid 
Ref 128:T200°C,Platm; 

Ref. 123: 86% Q, 6% O 2 , 8% H^O, T 323°C, P 8.3 atm; 

Ref. 133: 15% Q, 85% air; T 260°C, P 14 atm; 

Ref. 139: 62% Q, 17% O^, 10% N^, 12% H^O, T 275°C, P 6.3 atm; 

Ref. 138:T225°C,Platm; 

Ref. 135: a) 55% C 2 , 11% O 2 , 34% N 2 , T 333°C, P 14 atm; b) 37% C 2 , 7% O 2 , 56% N 2 , T 360°C, 
P 14 atm; 

Ref. 140:T227°C,P28atm. 

The selectivity to ethylene decreases with increasing conversion of ethane, 
while that to acetic acid increases. The compound claimed by Saudi Basic is in 
large part amorphous, and shows a few diffraction lines relative to a crystalline 
compound characterized by d values at 4.03 (100% I), 3.57, 2.01 and 1.86 A. The 
catalyst is obtained by treatment in air at 350°C of the precipitate from a solution 
containing the different elements. Doping the compound with phosphorus im- 
proves the yield to acetic acid, through a decrease in conversion but an increase in 
the selectivity to acetic acid (the latter passes through a maximum, while that to 
ethylene through a minimum, on increasing P content from 0.01 to 1.0 with 
respect to 1.0 atom of V). The effect of P addition is claimed to be an im- 
provement in acidity, facilitating ethylene adsorption and acetic acid desorption. 
According to the authors, this increases the consecutive rate of ethylene oxidation 
to acetic acid. 

It is worth mentioning that also the activity of the MoA^/Nb/0 catalysts in 
ethane oxidation originally claimed by Union Carbide [122, 123], was related to 
the development of a crystalline phase characterized by a broad X-ray diffraction 
reflection at d = 4.0 A. The best composition was found to be MOo 23 Vo,gNboo 90 ^, 
which can reach 10% conversion of ethane at 286°C with almost total selectivity 
to ethylene. The selectivity decreased with increasing temperature, due to the 
formation of carbon oxides. 

Burch and Swamakar [130] have compared the reactivity of MoA^/0 and 
MoA^/Nb/0 systems. The former contains M 0 O 3 , ^^ 6 ^ 9^40 ^^ 4 ^ 6^25 

crystalline compounds, while the latter contains also Mo 3 Nb 20 ,,, the most intense 
diffraction line of which occurs at 4.01 A (samples calcined in air). The addition 
of Nb increases both activity and selectivity, and the formation of the latter phase 
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may account for the increase in performance. An ethoxy intermediate was 
postulated to be the precursor of ethylene formation. The product distribution is 
independent of the conversion, indicating the absence of consecutive reactions 
under the conditions used. 

Merzouki et al. [128, 129] instead prepared compounds with overall com- 
position MOo 73 VojgNboo 90 ^ which were characterized by the presence of 
molybdenum oxides (M 0 O 3 and MOjg 052 -like phases), possibly also containing V 
and Nb in solid solution. Treatment of the catalyst was done in N 2 at 400°C. These 
compounds are more selective to acetic acid than those described by Burch and 
Swamakar. At 25% conversion, a selectivity of 45% to acetic acid and 45% to 
ethylene is obtained at 200°C, while with increasing temperature the selectivity to 
acetic acid decreases in favour of ethylene. Other compounds prepared differently 
however also contain Nboo^MOg 9 ^ 2.8 Nb-substituted MOgOj^ phase), and 

MO 067 V 033 O 2 (a rutile-type V-substituted M 0 O 2 phase). These catalysts are totally 
selective to acetic acid at low conversion and temperature; an increase in 
temperature above 200°C leads to a decrease in selectivity with formation of CO 2 
and ethylene. 

Ruth et al. [131, 132] prepared catalysts with composition MOo 23 VojgNboogO^, 
and depending on the method of preparation obtained either a solid made of a 
mixture of Mo^V^O^q, Mo 3 Nb 20 ,j and M 0 O 3 (crystalline at 700°C, largely 
amorphous at 400°C), by calcination in air, or largely amorphous and containing 
M 0 O 2 when calcination was done under nitrogen flow. The former catalyst 
exhibited good activity and selectivity to acetic acid, and an important role was 
attributed to the small, high-surface-area grains of amorphous component in the 
sample calcined at 400°C, having the approximate analytical composition 
^^0 84 ^ 0 13^0 02 ^x* authors reported a complete analysis of the mechanism of 
reaction occurring at the catalyst surface, which takes into account all of the 
information from the literature. The ethane molecule is first adsorbed in the form 
of an ethoxide species, which can transform into ethylene via p-elimination. The 
consecutive reaction of ethylene oxidation to acetaldehyde and acetic acid does 
not seem to be important on these materials, as well as the hydration of ethylene to 
ethanol followed by oxidation to acetaldehyde and acetic acid. Rather, since the 
reactions of ethylene and acetic acid formation occur through parallel routes, a- 
elimination steps of the ethoxide intermediate is proposed to directly lead to 
acetaldehyde and acetic acid. [138]. The a-elimination step was found to be 
favoured at lower temperatures than the (}-elimination one, and to possibly occur 
at different sites [131, 132]. Acetic acid is more stable than ethylene towards 
consecutive reactions of combustion, and for this reason an increase in the total 
pressure resulted in an increased formation of acetic acid. 

It is clear that the number of compounds or solid solutions which can be 
formed, even for the same overall catalyst composition, can be very different 
depending on the preparation conditions of the catalyst, and this causes consi- 
derable changes in the catalytic performance. 
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6. Oxychlorination of Ethane to 1,2-Dichloroethane 
and to Yinylchloride 

Commercial processes for the production of vinyl chloride (VCM) use ethylene as 
the starting material. The oxychlorination of ethylene to 1 ,2-dichloroethane 
(DCE) is the heart of the balanced process to manufacture (VCM). The general 
scheme of the balanced process is illustrated in Figure 3. Fresh ethylene, together 
with recycled HCl and either air or oxygen are fed to the oxychlorination reactor, 
to react over a supported-copper chloride-based catalyst. The DCE produced, 
after condensation, drying and purification, is cracked (dehydrochlorinated) to 
VCM, with the coproduction of one mole of HCl which is recycled to the 
oxychlorination reactor. The additional mole of HCl which is needed for 
oxychlorination may come from another plant site, i.e. from MDI/TDI, propylene 
oxide via epichlorhydrine, benzyl chloride or fluorocarbons plants. Alternatively, 
the oxychlorination is coupled to a direct chlorination reactor, where chlorine and 
ethylene are fed to make more DCE. When the two reactors produce equimolar 
amounts of DCE, the HCl produced in the cracking section is enough to supply the 
oxychlorination reactor. 
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Fig. 3. Scheme of the balanced process of ethylene oxychlorination. 

Ethylene represents a significant factor in the cost of VCM production. In 
general, a reduction in this cost can only be achieved by economies of scale, since 
industrial processes are technologically well established, and operate close to the 
maximum efficiency. Therefore, a significant improvement might be represented 
by the use of ethane as the raw material for VCM production, due to the consi- 
derably lower cost of the paraffin with respect to the corresponding olefin. 
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C,H, + HCl + O, ^ CH =CH-C1 + 2 H,0 

The interest for the ethane oxychlorination goes back to the 1970‘s. Indeed, 
several patents claiming heterogeneous catalysts for the direct transformation of 
ethane were issued in that period [141-146]. In most cases the catalysts claimed 
include an active phase where copper chloride (or iron chloride) is the main 
component, together with alkali metal chlorides (K, Cs) and, sometimes, a rare 
earth chloride. A fluidizable support, usually alumina, is used. In practice, the 
catalyst formulation is very similar to that industrially used for the oxychlorination 
of ethylene. Reaction conditions always include temperatures higher than 400°C, 
and under these conditions a considerable fraction of the paraffin is converted to 
CO 2 and to chlorinated compounds other than VCM. Notwithstanding the 
industrial interest, the reaction has never reached industrial application due to the 
low conversion achieved, the low selectivity to the desired product (due to the 
hard reaction conditions used), and the problems which arise from the disposal 
(recycle) of undesired chlorinated compounds. 

Recently, European Vinyl Corporation [25, 147-149] has issued some patens 
claiming a process for the direct transformation of ethane to VCM which 
overcomes the above mentioned problems, mainly thanks to: 

1. The use of reaction conditions which include an excess of HCl with respect to 
the stoichiometry of the ethane conversion. In the case of ethylene 
oxychlorination an excess of olefin is used, in order to reach an almost total 
conversion of HCl, and avoid problems related to the corrosion of downstream 
apparatus. In the case of ethane oxychlorination, on the contrary, excess of HCl 
is necessary to maintain the chlorinated form of copper in the active phase, 
CUCI 2 , since the oxychloride form, CuClCuO (a mixed CuVCu" compound) is 
considered to be the species responsible for total combustion. Therefore this 
kind of operation makes it possible to reduce the amount of carbon oxides 
produced. It is claimed that the greater the excess of HCl supplied over its 
stoichiometric requirement, the greater the beneficial effect on the selectivity. 
Unconverted HCl is recycled to the reactor, together with unconverted ethane. 

2. A catalyst formulation which includes an active phase constituted of copper 
chloride and potassium chloride, which are present in the atomic ratio of 2:8 
(wt. % of 1.3 and 3.4 , respectively), thus with a great excess of the alkali ion. 
A further component is cerium chloride, which is present at an atomic ratio of 
0.5 (0.74 wt.%). Cerium improves the catalytic activity and the formation of 
chlorinated compounds (especially trichloroethane) at the expense of carbon 
oxides. This active phase is supported on fluidizable low-surface area alumina 
(1 mVg). The operating temperature of this catalyst is between 450 and 470°C. 
The composition of this catalyst is very similar to that of the system employed 
in the Deacon process for the oxidation of HCl to chlorine, based on a mixture 
of copper chloride and alkali metal chlorides. 

At the temperatures which are typical for the oxychlorination of ethylene (220 
to 240°C), the mechanism of the reaction is the following: 

2 CUCI 2 + C^H, ^ CU 2 CI 2 + l,2-C2H,Cl2 
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Cu^Cl^ + 2 HCl + 1/2 O, 2 CuCl^ + 

where, however, the mechanism of copper reoxidation is indeed constituted of two 
steps: 



Cu^Cl, + 1/2 O, -> CuOCuCl, 

CuOCuCl^ + 2 HCl 2 CuCl^ + 

Thus a Cl transfer occurs from the catalyst to the olefin. On the contrary, at the 
high temperatures needed for the ethane activation and oxidation the mechanism is 
likely a radicalic one, and involves the generation of CI 2 (released by the catalyst, 
which becomes reduced, and is then reoxidized and chlorinated by gaseous HCl 
and O 2 ), and the formation of chloroethanes, analogous to what happens in the 
case of chlorination of methane to CH4^C1^. Chloroethanes are then quickly 
dehydrochlorinated to VCM. Indeed the performance obtained by feeding either 
HCl or CI 2 together with ethane and oxygen was almost the same (see Table 3) 
[25]. Moreover, the MT chlor process developed by Mitsui Toatsu (with catalysts 
based on supported Cr 203 ) makes use of temperatures around 400°C for the 
oxidation of HCl to CI 2 . 

One further advantage claimed by EVC is that it is possible to recycle the by- 
products of the oxychlorination reaction (after applying some treatment), thus 
considerably reducing the waste of feestock and the effluents to be treated. Part of 
the by-products are indeed converted to VCM. Chlorinated by-products are i) 
saturated compounds (ethyl chloride, 1,1-dichloroethane, 1,2-dichloroethane, 

1.1.2- trichloroethane), ii) combustion compounds (carbon tetrachloride, chloro- 
form and dichloromethane), and unsaturated compounds (1,1-dichloroethylene, 

1 .2- dichloroethylene, tri and perchloroethylene). Before recycling, the stream 
containing saturated and unsaturated chlorinated by-products is fed to a trickle-bed 
hydrogenation reactor, where they are converted to saturated ones. The latter then 
undergo transformation to VCM in the oxychlorination reactor. 

Table 3 shows the distribution of products for different feed compositions. The 
maintainance of an excess of HCl in the outlet stream makes it possible to 
decrease the extent of combustion, from 20% selectivity (with no HCl in the off 
gas), to 3% (with 10% HCl in the off gas). One of the main reaction products is 
ethylene, which at these conditions is not chlorinated. Therefore the top of the 
distillation column for light compounds separation, containing unconverted 
ethane, ethylene and carbon oxides, is sent to a conventional chlorination reactor, 
to transform ethylene to 1,2-dichloroethane at mild temperatures; the exit stream 
is then recycled back to the ethane oxychlorination reactor. The steady state feed 
to the reactor therefore includes ethane, oxygen (fresh feed), 1,2-dichloroethane, 
carbon oxides (from the chlorination reactor), ethylchloride, additional 1,2- 
dichloroethane, 1,1-dichloroethane, 1,1,2-trichloroethane, tetrachloroethane and 
carbon tetrachloride (from the hydrogenation reactor, which is fed with the base 
product of the distillation column for pure VCM recovery), and HCl (from the 
distillation column for anhydrous HCl recovery). Since feeds and purges are 
adjusted in order to have an exit content of HCl which is the same as that, which 
enters the ethane oxychlorination reactor, net Cl for the transformation of ethane 
to chlorinated compounds enters the process as CI 2 fed to the ethylene chlorination 
reactor. The simplified flow-sheet of the process is illustrated in Figure 4. 
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Table 3. Performance of the EVC catalyst for ethane oxy chlorination [25]. 



Catalyst, active 
components 


Cu/K 


Cu/K 


Cu/K/Ce 


Temperature °C, 


478.0, 


480.7, 


466.6, 


Pressure bar 


0.1 


0.1 


0.04 


C 2 IV 02 /HC 1 /C 12 /N 2 , 
mol % 


28.7/23/0/16.2/32.2 


25.8/28.9/33/0/12.4 


21.1/21.1/42.2/0/15.5 


Conv. C 2 H, % 


94.8 


89.9 


94.8 


Conv. O 2 , % 


94.5 


93.2 


98.1 


Yield C 2 H 3 CI, VCM, % 


32.2 


30.0 


30.3 


Yield C 2 H 5 C 1 ,% 


13.9 


13.8 


11.1 


Yield CyH[ 4 ,% 


16.3 


14.8 


15.5 


Yield C 2 H 2 Cl 2 ,% 


7.9 


9.9 


11.8 


Yield C 2 H 3 Cl 3 ,% 


0.5 


0.5 


8.7 


Yield C 2 HCl 3 ,% 


0.6 


0.9 


1.6 


Yield C 2 Cl 4 ,% 


5.9 


8.4 


0.1 


Yield C 2 H 4 CI 2 , EDC,% 


14.5 


12.0 


16.9 


Yield CO + C 02 ,% 


5.9 


8.4 


2.9 
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Fig. 4. Simplified flow-sheet of the EVC process for ethane oxychlorination to VCM. 





Partial Oxidation of C- to C Paraffins 



39 



7. Ammoxidation of Propane to Acrylonitrile 

One of the reactions which has been receiving greater attention in recent years is 
the ammoxidation of propane to acrylonitrile (ACN), as an alternative to the 
current industrial process of propylene ammoxidation. 

C3H3 + NH3 + 2 O2 CH =CH-CN + 4 H,0 

The extensive research has been fully successful in this case, since two 
different classes of catalysts, i) antimonates having the rutile structure and ii) 
multimetal molybdates, have been developed up to the stage of commercialization. 
BP (ex Standard Oil) [150-158], Mitsubishi Chemical [159-161] and Asahi 
Chem. Industries [162] have each claimed its own process, and have announced 
the start up of demonstrative plants. Other companies have studied and developed 
proprietary formulations, but in general catalytic systems belong either to the 
antimonates family (Standard Oil, Rhodia, BASF, Nitto, Monsanto) [163-169], or 
to the molybdates family (Mitsubishi, Asahi). 

There are a few points which are of relevant interest, related to both scientific 
and technical aspects of the reaction: 

1 . The reaction conditions which have been claimed by the various companies are 
substantially different. As shown in Figure 5, in some cases propane-rich 
conditions have been claimed, i.e. in earlier patents from Standard Oil. In this 
case, the conversion of propane is necessarily low, and therefore recycle of 
unconverted paraffin becomes compulsory. Reaction conditions described 
include the presence of a ballast (typically, molecular nitrogen and/or steam), 
and thus simulate the composition of a reactor inlet which includes the recycle 
stream. Mitsubishi instead first claimed the use of fuel-lean conditions, thus of 
conditions where very high conversions of propane can be reached. In more 
recent patents, BP also has claimed the use of analogous conditions, using 
overstoichiometric oxygen, and propane as the limiting reactant. However, the 
lower activity of antimonates makes it necessary to use temperatures which are 
approximately 50 degrees higher than those for the Mitsubishi catalyst. 

2. The selectivity to ACN versus propane conversion is plotted in Figure 6 for the 
best (to our knowledge) performances reported in patents from the different 
companies; the temperature of reaction is also given in the Figure. In general, 
best yields obtained with propane-rich conditions lay in the 15-to-20 % yield 
region. An example is also given for a patent that considers the feeding of 
halogen promoters, which favour the activation of the paraffin through radicalic 
mechanisms, thus considerably improving the conversion at propane-lean 
conditions. Processes which include the additional feed of gas-phase promoters 
were also claimed by other companies several years ago. However, the most 
surprising result is that reported by Mitsubishi at hydrocarbon-lean conditions, 
with a yield to acrylonitrile of 53-55% at 87-89% propane conversion, thus 
with a selectivity of 60-64% at 410°C. 
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Fig. 5. Feed composition for the process of propane ammoxidation claimed by different 
companies. 

All catalysts claimed are to be considered as "multifunctional” systems. Indeed, 
the formation of acrylonitrile from propane occurs mainly via an intemediate 
formation of propylene, transformed to acrylonitrile via an allylic intermediate 
[121, 168, 170]. Therefore, the catalyst must possess different kinds of active 
sites: one site (type A) which is able to activate the paraffin and oxidehydrogenate 
it to the olefin, and one site (type B) which is able to ammoxidize the adsorbed 
olefinic intermediate. This second step must be very quick to limit as much as 
possible the desorption of the olefin. In order to obtain effective cooperation, it is 
necessary to develop a catalyst characterized by the presence of these sites in close 
proximity one with the other, allowing the quick transformation of each reaction 
intermediate to the following product up to acrylonitrile. Table 4 summarizes, for 
each class of catalysts claimed, the type A and type B compounds, responsible for 
the first and second step, respectively, of the ammoxidation reaction. In all cases 
the multifunctionality is achieved through the combination of two different 
compounds: a mixed oxide having the rutile structure (type A compound), and 
dispersed antimony oxide (type B compound), in BP catalyst. In the Mitsubishi 
catalyst, the two active species probably correspond to MoA^/Te(Sb)/0 and 
Mo/Te/0, respectively. Alternatively, in the latter case the system is intrinsically 
multifunctional, where the different elements which infer the properties to the 
catalyst are dispersed inside a single mixed oxide. 
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Fig. 6. Best results of selectivity and conversion reported for catalytic systems claimed by 
different companies. 
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Table 4. Main catalytic components in systems developed by different companies for 
propane ammoxidation. See text for explanation. 



Catalyst 




Type B compound 


MoA^/Te/Nb/(Sb)/0 (Mitsubishi, Asahi) 


MoA^yTe(Sb)/0 


Mo/Te/O 


V/SbAV/0 (BP) 


V/Sb/0 (rutile) 


Sb/0 


V/Sb/Sn/0 (Rhodia) 


SnA^/Sb/O (rutile) 


Sb/0 



7.1 Characteristics of Rutile-Type Mixed Antimonates 

Several papers have been dedicated to the study of mixed antimonates having the 
rutile structure. In particular, V/Sb/0 and Fe/Sb/0 systems have been the object of 
many investigations, aimed at understanding the nature of these mixed oxides, and 
finally at the identification of the nature of the active species. Based on the 
numerous literature data available for these systems, it is possible to draw some 
conclusions, that can be helpful to understand what are the requirements for 
developing an active and selective catalyst for propane ammoxidation. 
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Indeed, the preparation of a truly stoichiometric metal antimonate MeSbO^ is a 
difficult task. The method of preparation employed affects the nature of the 
catalysts prepared, but in general non-stoichiometry is a particular feature of these 
systems, even when conditions are used at best to develop preparations where the 
solid state reaction between Me and Sb ions is easier, and to obtain ratios between 
Sb and Me as close as possible to 1.0 [171-174]. The most striking case is the 
V/Sb/0 system, for which the following composition for a V/Sb 1/1 catalyst has 
been reported, deduced by careful structural studies: Vo92Sbo9204 [173]. This 
cation-deficient structure, having 0.04 cationic positions unoccupied for each 
anion, contains Sb^^ (the only antimony ion which is present), while vanadium is 
present both as and as The electroneutrality is guaranteed for the 
composition V,2sX64"Sb [175]. 

However, the ratio between and can vary depending on the method of 
preparation (of particular importance is obviously the atmosphere and temperature 
of thermal treatment). This will affect the number of cation vacancies (for V^ySb 
ratio equal to 1.0), within the series theoretically having the two limit compounds 
(the stoichiometric compound, with no cationic vacancies and only 
V ^) and Vo^^Vog/^Sb^g^O^ (with the maximum of 0.22 vacant cation positions per 
formula, and only V^^). This has been referred to as the Vj ^Sbj ^64 series, with y 
varying between 0 and 0.11 [171, 172, 176], which is preferentially formed by 
treatment in air. Therefore, the presence of cation vacancies is a consequence of V 
having an oxidation state higher than 3+. This justifies the tendency of the V/Sb/0 
system to give such large deviations from the stoichiometry, at least under 
conditions which are not the most stable from the thermodynamic point of view 
(for this reason, the temperature of treatment may considerably affect the nature of 
these non-stoichiometric solids). 

Another possibility is to have a ratio between Sb^^ and V different from 1.0. It 
has been reported that the non-stoichiometric series Vog^^Sbo904 can be obtained, 
with X ranging from 0 to 0.2, and correspondingly with a degree of vacant cation 
positions ranging from 0.2 with where analogous to the 

previous case the ratio V^ySb is 1.0), to 0 (V, jSbo904, with full occupancy of the 
cation sites, and with vanadium as [177]. In practice, vacant positions 

in Vo9Sbo904 are progressively occupied by V ions, thus increasing the V/Sb ratio, 
with also a corresponding increase in the ratio. The latter is mainly 

affected by the atmosphere of thermal treatment, and thus finally this parameter 
affects the V/Sb ratio and the extent of cation site occupancy in the rutile 
structure. 

Berry et al. [171] described a VSb,.y04_2y series, which does not formally contain 
cation vacancies, and which is formed when the thermal treatment is carried out in 
oxygen-impure nitrogen. In this series y = 0 corresponds to the stoichiometric 
VSb04 (only containing while for y at a maximum equal to 0.1 the 
compound VSbo903g is obtained, which can also be expressed as 
having excess vanadium, and with In practice, it is assumed that the 

ratio between V^VSb^^ is always equal to 1.0, and the solid solution is enriched 
with ions (and obviously with additional ions); this represents a solid 
solution between VSb04 and VO2 (both rutile compounds). Only in the presence 
of oxygen-free nitrogen it is possible to obtain monophasic compounds of the 
series VSbj y04,5y. For y = 0.1 the compound V,o39Sbo93504 is formed, having a 
small degree of cation site unoccupancy (0.026 vacancies per unit formula), a ratio 
V/Sb higher than 1.0, and again the presence of 
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In most cases described in the literature, however, the solid solution has been 
reported to possess either an equal atomic amount of V and Sb, or an excess of V, 
but never an excess of Sb. Moreover, the latter is also supposed to be present 
exclusively as Sb^^. Excess Sb, if preparations are carried out with an atomic ratio 
SbA^ higher than 2, is detected as a-Sb204 or p-Sb204 (the latter at calcination 
temperatures higher than 800°C). Incorporation of small amounts of V in these Sb 
oxides is also likely, lowering the temperature of the a P transformation. 
Antimony oxide is also present for SbA^ ratios between 1 and 2, in the form of 
amorphous oxide dispersed over the rutile, as suggested by IR spectroscopy [178, 
179]. 

Different is the case of FeSb04, for which it is known that the structure can host 
excess of Sb. Berry and coauthors have demonstrated that on increasing the Sb/Fe 
ratio an increase in the cell volume of the tetragonal structure occurs [180- 182]. 
Moreover, instead of a random distribution of iron and antimony in the cation 
sites, rather cation ordering has been found by means of electron diffraction, with 
development of a trirutile-like structure. A change from mono to trirutile-like 
ordering, thus from Fe^"^Sb04 up to the limit compound Fe^"^Sb20g (with an Sb/Fe 
ratio equal to 2), as a consequence of the excess of Sb^^ in the structure occurs 
with the progressive reduction of Fe^^ to Fe^^. Therefore it is possible that the 
formation of Sb-rich solid solutions may only occur with metal ions which can 
exist in the 3+/2+ stable oxidation states. Indeed, the formation of very small 
amounts of crystalline (V0)^"^Sb20g has sometimes been observed [178]. Fe/Sb/0 
systems have also been studied as catalysts for propane and propene 
ammoxidation [164, 167, 183-186]. 

One further aspect concerns the presence of an IR absorption band at around 
820-840 cm‘, which is observed in all mixed antimonates, and which is not 
typical of Me-0 stretching vibrations in rutile single oxides, and is not observed 
in any antimony oxide as well [187]. This band has been attributed to the 
stretching vibration of Sb^^=0 [174, 188], likely present on the surface of the rutile 
antimonate, and possibly constituting an active site for the propane ammoxidation. 
Indeed, this vibration could be due to the presence of SbO^-rich domains in the 
outer zones of non-stoichiometric rutile crystallites. It is known that in non- 
stoichiometric FeSbO^ prepared by thermal treatment at 800°C, having excess 
antimony in the structure, and characterized by a cell volume for the tetragonal 
cell higher than that of stoichiometric FeSbO^ and by the presence of the IR band 
at 820 cm a treatment at 1000°C leads to i) a decrease in the cell volume, which 
becomes similar to that of stoichiometric rutile, and ii) a strong decrease in the 
intensity of the mentioned IR absorption band [189]. Therefore, it is possible that 
the development into a well-crystallized, ordered rutile structure occurs as a 
consequence of a cation redistribution in the lattice at high temperature, with the 
disappearance of features related to Sb-enrichment. 

The best reported performances amongst the variety of compositions which 
have been claimed for V/Sb/O-based systems are summarized in Table 5 [16, 
121 ]. 

It is shown that Standard Oil (now BP) has claimed the same catalyst type for 
both propane-lean conditions [158, 190], with high conversion of the paraffin, and 
propane-rich conditions [154], with low propane conversion. 
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Table 5. Performance of V/Sb/O-based catalysts described in the literature. 



Catalyst formula 


T 

(°C) 


C 3 /NH 3 / 02 /H 20 /ineit 
(mol. %) 


C 3 H 

conv. (%) 


Sel.AN 

(%) 


Ref 


VSbjWosTeosSiioA-SiOj 


500 


6.5/13/12.9/19.4/48.4 


68.8 


56.7 


190 


VSbj ^Suq 2 Tio 20x 


460 


51/10.2/28.6/10.2/0 


14.5 


61.9 


154 


VSb| 4 Sn„ 2 Ti(,, 0 , 


480 


6.4/7.7/18.6/0/67.3 


40.3 


47.5 


158 


VSb 5 Bip jFCgO^— AI 2 O 3 


440 


7.5/15/15/20/42.5 


39 


77 


191 


VSbgSngO. 


450 


8/8/20/0/64 


30 


49 


169 


The main difference 


between 


systems claimed by Standard 


Oil and 


those 



claimed by Rhodia [29, 163-165] consists in the nature of the rutile-type oxide 
which constitutes the carrier of the active phase. In the system developed by 
Standard Oil, the main component is the VSb04 compound, which activates the 
paraffin and transforms it into an olefin-like adsorbed intermediate. The latter 
may either desorb, or be transformed to acrylonitrile over the SbO^ "overlayers” 
(often present together with crystalline a-Sb204), the amount of which is a 
function of the excess Sb with respect to the rutile formula [192,193]. The latter 
species acts as a propylene ammoxidation site, and can be indeed present as a 
mixed compound in multicomponent catalysts: Te/Sb/0, Sn/Sb/0, Fe/Sb/O, 
Ti/Sb/0. This explains the presence, in many formulations claimed in the patent 
literature, of additional components, the main role of which is to improve the 
selectivity in the olefin transformation through the development of mixed 
compounds. In the system developed by Rhodia, instead, the main component is 
Sn02 (cassiterite, having the rutile structure), inactive in the reaction of 
ammoxidation, which acts as the carrier for the active components: i) V/Sb/0 and 
ii) SbO^. Tin oxide is also able to disperse these components, through the 
formation of a solid solution of V and Sb in the tin oxide lattice, thus yielding a 
multifunctional catalyst where the two active compounds are in intimate contact 
and can effectively cooperate in the reaction [120, 168, 169]. 

Other antimonates have been studied as catalysts for this reaction [194-198]. In 
the case of the Ga/Sb/0 system, a decrease in the Ga/Sb ratio (from GajSb,04 to 
GajSb4gO,24) leads to a progressive decrease in activity and increase in selectivity 
to acrylonitrile [194-195]. The best yield has been obtained at 550°C with a 
catalyst of composition of Ga,Sb490j24, with 28.3% propane conversion and 35.3 % 
selectivity to acrylonitrile. At lower conversions, a selectivity as high as 68.3 % 
has been claimed with a GajSb9024 catalyst. The performance could be improved 
by adding Ni, P and W as dopants. 



7.2 Characteristics of Multimetal Molybdate-based Catalysts 

Catalysts based on molybdates can be classified as follows: 

1. Systems based on Bi-molybdates having the scheelite structure; these have 
been studied mainly by Moro-oka et al. [26]. These systems also contain other 
components, such as V and Te [52, 199]. 

2. Systems based on mixed molybdates of V, Nb and Te [200-203]. These are 
very similar to the catalysts originally developed by Union Carbide for the 
oxidehydrogenation of ethane to ethylene [122]. Indeed, a very specific 
composition, namely MOjoVo3Teo23NbQ j20^, dispersed in 10-20% silica, seems 






Partial Oxidation of to Paraffins 



45 



to be the best catalyst, coupled to a very delicate preparation procedure, 
including a thermal treatment in nitrogen flow which has to be carried out at 
620°C [161]. The phase composition of the system is not fully understood, 
since replication of the synthesis of this proprietary catalyst seems to be 
particularly difficult, possibly leading to different compounds for small 
variations in the procedure. 

The excellent results claimed are due to the very high conversion of propane 
achieved at mild conditions (reaction temperature 410-440°C) [204-212]. 
Propane-lean conditions are claimed, and conversions even higher than 90% are 
reported. The best yield (53.5%), is obtained at a conversion of 89.1% (selectivity 
is 60.0%), at 420°C and with a catalyst of composition MOjVo3Nbo,5Teo20^. 
Surprisingly, notwithstanding the very high conversion, and the fuel-value of the 
raw material, which would make burning the unconverted propane to produce 
high-value steam more economical than recycling it, the process includes recycle 
of unconverted propane. Indeed, the process makes use of the BOC PSA 
technology for rejection of N 2 (both present in feed, which contains oxygen- 
enriched air, and generated in the reactor by ammonia combustion), recovery of 
the hydrocarbon and recycle of the latter in the reactor [213, 214] (see Fig. 7). 




Fig. 7. Simplified flow-sheet of the Mitsubishi/BOC process for propane ammoxidation to 
acrylonitrile 

One Mitsubishi patent claims the differentiation of ammonia along the catalytic 
bed [211]. This might become necessary if the catalyst is particularly active in 
ammonia combustion to N 2 ; if all reactants are fed together at the reactor inlet, a 
rapid decrease in the ammonia concentration after the initial part of the catalytic 
bed would be obtained. This would also cause, in the second part of the catalytic 
bed, a transformation of propane to propylene, and not to acrylonitrile, due to the 
lack of ammonia. Indeed, the MoA^/Nb/Te/0 material is known to be a very active 
catalyst for light paraffin oxidehydrogenation [122]. Differentiation of ammonia 
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along the reactor may in part overcome the problem of ammonia combustion, and 
might also favour the transformation of the olefin formed to acrylonitrile. 

Patents from Mitsubishi claim that the active catalyst (obtained by thermal 
treatment at 620°C in nitrogen flow) exhibits the main X-ray diffraction lines at 2 
6 = 22.1, 28.2, 36.2, 45.2, 50.0° [204]. This active phase is referred to as phase 
M2. Other less intense lines are present, which are attributed to a different phase. 
Ml (lines at 20 = 9.0, 22.1, 27.3, 29.2 and 35.4°). The two phases are claimed to 
cooperate in the ammoxidation of propane, each one having a defined role: in the 
activation of propane to yield propylene (phase Ml), and in the transformation of 
the latter into acrylonitrile (phase M2) [210]. So it seems that the best performance 
is obtained in the contemporaneous presence of these two compounds. The 
catalyst having the pattern corresponding only to phase Ml (obtained by treatment 
in air at 350°C), is reported to be less active and selective than the catalyst 
characterized by the presence of both Ml and M2 phases. A number of mixed 
compounds are known to form amongst the metal ions included in the Mitsubishi 
catalyst formulation, such as Mo^V^O^q, Mo 4V^025 (both exhibiting strong 
reflections at d = 4.06 A, 20 = 21.6°), Mo3Nb20,, (intense peak at 20 = 22.2°), 
VNbO, [131, 132], Nb,^Mo,,,0,,» Mo,,2V,3302, V,,2Mo,,302, [128, 129] (the latter 
three compounds all possess the rutile structure), MoTe202 and MoTe50j^ [215] 
(see also the chapter relative to the oxidation of ethane to acetic acid). Recently, 
detailed studies led to the proposal of different types of compounds playing the 
major role in MoA^/Nb/Te(Sb)/0 systems: Mo^V3Te,0^, Mo^V2SbjO^ [200, 201], 
Mo2VNbTe028, which cooperates with Mo^VTe2024 and TeMo50j^ to infer optimal 
catalytic performance to the material [202], and MOq^j o^^Vq^, ^ j^Nb^ogoo^O^ [203]. 



8. Oxidation of Propane to Acrylic Acid 

Acrylic acid is presently produced in a two-step oxidation process from pro- 
pylene, via intermediate acrolein. A one-step process starting from propylene has 
not yet been commercialized because of inadequate selectivity. Interest exists for 
the development of a process from propane, due to the lower raw material cost and 
greater availability [3, 10, 16, 216, 217]. 

C3H3 + 2 O2 ^ CH2=CH-C00H + 2 H2O 

Different processes can be envisaged: 

1. A multistep process that integrates conventional dehydrogenation of propane to 
propylene and oxidation of propylene to acrylic acid; 

2. A multistep process that integrates oxidative dehydrogenation and conventional 
oxidation; 

3. The direct oxidation of propane to acrolein or to acrylic acid. 

The same process configuration can also be envisaged for the anunoxidation of 
propane to acrylonitrile; however, in this case the high stability of the product 
makes it possible to operate at conditions which are close to those required for 
paraffin activation. Therefore the single-step process is technically more 
attractive, provided a suitable catalyst can be developed. On the contrary, acrylic 
acid is not a stable compound, and therefore technical solutions which take into 
consideration the separation of the two steps are as attractive as the single-step 
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process. The different schemes proposed for process integration are illustrated in 
Figure 8. 






Fig. 8. Simplified schemes for integrated processes proposed by Halcon (top) [218], Union 
Carbide (middle) [221], and BASF (bottom) [220] for the oxidation of propane to acrylic 
acid. These schemes have been deduced based on the text of patents, and might not 
correspond exactly to the actual schemes proposed by these companies. Legend: 1 : Reactor 
for propane dehydrogenation; 2: reactor for propylene oxidation to acrolein; 3: reactor for 
acrolein oxidation to acrylic acid; 4: quench + absorption towers for recovery of propane; 5: 
distillation towers for acrylic acid recovery; 6: reactor for propane oxidehydrogenation; 7; 
absorption tower for hydrogen recovery and separation from propane/propylene. 
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Integrated processes for paraffin oxidation were first proposed by The Halcon 
SD Group [218, 219]. In these patents, propane is dehydrogenated, with a catalyst 
based either on supported Pt or on zinc aluminate. The outlet stream is added with 
air, without separation of reagents and products, and fed to the first oxidation 
reactor, filled with a multimetal molybdate-based catalyst for allylic oxidation. 
Therefore the expensive separation of unconverted propane from propylene is 
eliminated. However, the presence of molecular hydrogen in the oxidation reactor 
may possibly give rise to enhanced flammability problems. In the oxidation 
reactor propylene is oxidized to acrolein (propane is inert), and the outlet stream is 
fed to the final oxidation reactor filled with a catalyst suitable for the oxidation of 
acrolein to acrylic acid. The outlet stream is then finally treated to easily recover 
acrylic acid by water absorption, and then propane and unconverted propylene 
from other uncondensable gases (H2, O2, N2, light ends) by abatment with an 
organic solvent. The C3 fraction is then recovered and recycled. The key features 
of this process are i) use of an oxidation catalyst which is not active in the 
oxidation of molecular hydrogen, and ii) oxidized products formed by oxidation of 
light ends (obtained in the dehydrogenation step) do not contaminate the acrylic 
acid. The claimed performances for each step are given in Table 6. The overall 
selectivity to acrylic acid is around 75%. 



Table 6. Performances of the two-step Halcon process for propane oxidation to acrylic acid 
[218]. 



Reaction step 


Conversion (%) 


Selectivity (%) 


Propane to propylene 


29.7 


96.5 


Propylene to acrolein 


91.1 


87.4 


Acrolein to acrylic acid 


92.8 


89.1 



Integrated processes have also been claimed by other companies. The process 
claimed by BASF [220] differs from the Halcon process in that hydrogen is 
separated after the dehydrogenation step, and oxygen is preferably used instead of 
air in the oxidation reactor. Also in this case having propane as the main inert 
component in the oxidation reactor makes possible the better control of the 
reaction temperature, thus minimizing hazards associated with the development of 
hot spots, that can occur when ballasts having worse thermal conductivity 
properties than the paraffin are used. Feeds more concentrated in propylene can 
therefore be handled safely in the oxidation reactor, thus achieving improved 
productivity to acrylic acid. 

In the process claimed by Union Carbide [221], propane is oxidehydrogenated 
in a first oxidation reactor, using a MoA^/Nb/O-based catalyst. The outlet stream 
is then sent to a second oxidation reactor, without any intermediate separation, 
where propylene is oxidized to acrolein. Finally, the acrolein is oxidized to acrylic 
acid in a third oxidation reactor. Propane and propylene are recycled to the first 
reactor, together with oxygen, nitrogen, and carbon oxides. This obviously 
decreases the propylene requirement for acrolein production with respect to the 
once-through case. 

Different catalytic systems have been claimed in recent years for the direct 
selective oxidation of propane to acrylic acid [222-234]. In Table 7 the most 
significant results are reported. In all cases acrylic acid was the main product of 
selective oxidation, while the formation of acrolein was very low, except for the 
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Ni/Mo/Te/P/O system, which gave 12.7% selectivity to the aldehyde. Good yields 
and selectivities have been reported for the following classes of catalysts: i) V/P 
mixed oxides, ii) F/Mo/Y/O polyoxometalates, and iii) MoA^/Nb/Te mixed 
oxides. As in the case of propane ammoxidation, the latter catalyst exhibits 
superior performance in terms of both paraffin conversion and selectivity to 
acrylic acid, and, also, low formation of other, less desirable, oxygenated 
compounds. This catalyst has been used by different companies; depending on the 
method of preparation claimed, the active compound (the M2 phase claimed by 
Mitsubishi for ammoxidation of propane [204, 210]) can be obtained more or less 
pure, and, thus, having different catalytic performances. 



Table 7. Catalytic performance of different catalysts claimed for propane oxidation to 
acrylic acid (AA). 



Catalyst 


Ref 


T 

(°C) 


C 3 /O 2 /H 2 O/N 2 
(molar %) 


C 3 H, 

conv. 

(%) 


Sel. 

AA 

(%) 


Mo j Sbp 25 V 0 jNbo J 2 K 0 ooO^ 


223 


420 


4.4/7.0/62.3/26.3 


48.8 


68.5 


BiMoi 2 V 3 Nbo 5 SbKO, 


157 


400 


26.3/10.5/63.2/0 


19.0 


29.0 


Mo 1 Vq 3Teo 23Nbo j qO^ 


224 


390 


3.2/9.6/49/38.2 


71.0 


59.0 


Mo.VojTeo^NboiA 


205 


380 


3.3/10/46.7/40 


80.1 


60.5 


MoSnO^ 


225 


360 


50/20/0/30 


4.0 


48.0 


Bio.cfiNiojsMoOx 


227 


425 


60/20/20/0 


14.7 


30.6 


Ni/Mo/Te/P/0 


226 


460 


15/18/6.5/60.5 


12.3 


23.3 


(V0)2P202 


228 


355 


0.9/31.8/67.4/0 


46.0 


15.0 


H 3 PMO 12 O 40 (reduced by pyridine) 


41 


340 


20.4/9.9/19.9/49.8 


8.7 


30.6 


H2(VO)o 5PMO12O40-CS3PMO12O40 


233 


ng 


63/7.5/0/29.5 


44.8 


22.7 


H5PV2MOJ0O4Q 


222 


ng 


1.7/25/0/73.3 


50.0 


23.0 


^^2.51^^0.08111 26 PVMO, , 04 ^ 


36 


380 


30/50/0/20 


46.0 


27.0 



Common features of the above mentioned systems are i) the presence of 
vanadium inside a definite crystalline framework (vanadyl pyrophosphate for 
V/P/0 mixed oxides, the Keggin (PMOjjVjO^q)"^ anion for polyoxometalates, and 
the so-called Mitsubishi M2 phase [204] for MoA^/Nb/Te/0 systems), and ii) 
intrinsic acidity, which is likely to be an important feature to accelerate acrylic 
acid desorption and avoid consecutive combustion reactions. The surface acidity, 
however, also affects the nature of by-products, as pointed out by Ai [228-230], 
who compared the performance of doped V/P/O-based catalysts, and of Keggin- 
type polyoxometalates. Ai proposed that the mechanism first involves the 
oxidehydrogenation of the paraffin (the rate-determining step, suppressed by the 
presence of water in the feed). The olefin is hydrated in part to yield 2-propanol 
(and thus the acidity of the catalyst is a fundamental property in addressing the 
reaction pathway and the final selectivity), while a fraction of the olefin is 
oxidized to acrolein. Water therefore clearly plays an important role in affecting 
the selectivity. Propanol is the precursor of acetic acid + CO via intermediate 
acetone, while acrolein is the precursor of acrylic acid. Both products undergo 
consecutive reactions of combustion. The main by-products, in addition to carbon 
oxides, are acetic acid and propylene. The ratio between acetic acid and acrylic 
acid is thus a function of the surface acidity, and for this reason Keggin-type 
heteropolycompounds, i.e. H 3 PMo, 204(3 and give a much higher 

selectivity to acetic acid than V/P/O-based catalysts. 
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Heteropoly acids have been studied mainly by Ueda [41, 231, 232] and Mizuno 
[36-39, 234, 235]. The former author claims the importance of having a reduced 
heteropolycompound to achieve better catalytic performance. On the contrary, 
Mizuno et al. [36-39] point out that in polyoxometalates having transition metal 
ions as the cations (Fe^^ and Cu^^), the role of the latter is to improve the rate of 
catalyst reoxidation, especially under oxygen-poor conditions. Another factor 
claimed to play an important role in affecting the selectivity to acrylic acid is the 
pore volume and the average pore diameter of the catalyst [233]. A linear 
relationship was reported to exist between yield to acrylic acid and pore volume, 
and between selectivity to acrylic acid and average pore diameter. A selectivity as 
high as 40% could be reached with a V-containing P/Mo/0 heteropolyacid, 
supported over the wide-pore cesium-salt of the (PMo, 204 o)^ Keggin anion, 
having an average pore diameter of 150 A and pore volume of 0.10 ml/g. 



9. Oxidation of Isobutane to Methacrylic Acid 

Methacrylic acid is currently synthesized via the acetone-cyanohydrin route, 
which consists of an initial reaction between acetone and hydrogen cyanide to give 
the acetone-cyanohydrin, which is then reacted with an excess of concentrated 
sulphuric acid to form the methacrylamide acid sulfate. In a successive stage, the 
methacrylamide is treated with an excess of aqueous methanol; the amide is 
hydrolyzed and esterified, with formation of a mixture of methyl methacrylate and 
methacrylic acid. Main drawbacks of this process are the utilization of highly 
toxic raw materials (HCN) and the coproduction of an equimolar amount of 
NH 4 HSO 4 for each mole of methyl methacrylate, which can not be used for 
fertilizer production since it is contaminated with organic compounds. 

Different alternative routes have been proposed [236]: 

1. The BASF process [237], which starts from ethylene, first hydroformylated to 
give propionaldehyde, then condensed with formaldehyde to produce 
methacrolein. Methacrolein is then oxidized to methacrylic acid, followed by 
esterification with methanol. 

2. The integrated process developed by Mitsubishi Rayon and Nippon Methacryl 
Monomer (a joint venture of Sumitomo Chemical and Nippon Shokubai) where 
isobutene, obtained by conventional technologies of isobutane dehydrogenation 
and separated from the latter by hydration, is oxidized to methacrolein and then 
to methacrylic acid. Alternatively, Asahi first carries out the ammoxidation of 
isobutene to methacrylonitrile, which is then hydrolyzed and esterified. 

3. Halcon has developed an integrated process for the selective oxidation of either 
propane or isobutane [219, 238]. The paraffin is first dehydrogenated; the 
reactor outlet stream (isobutene, unconverted isobutane and hydrogen) is sent to 
an oxidation reactor without separation of the components. In this step 
isobutene is selectively oxidized to methacrolein, while isobutane and hydrogen 
do not react. Methacrolein is then separated, oxidized, and esterified, while 
isobutane is recycled to the dehydrogenation reactor after separation of oxygen 
and of hydrogen. Optionally, hydrogen can be oxidized with a suitable catalyst. 
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4. Mitsubishi Chemical Industries and Asahi have each developed their own 
process for the synthesis of methacrylic acid via oxidative dehydrogenation of 
isobutyric acid. The latter is obtained as a by-product in the oxo-synthesis of 
n-butyraldehyde from propylene and is therefore available at a reasonable 
price. 

5. Mitsubishi considerably improved the traditional acetone-cyanohydrin process 
by eliminating process wastes. The acetone-cyanohydrin is first hydrolized to 
2-hydroxyisobutylamide (HBD) with a Mn02 catalyst. HBD then reacts with 
methylformiate to produce the methyl esther of 2-hydroxyisobutyric acid 
(HBM), with coproduction of HCONH 2 (the reaction is catalyzed by CaO). 
HBM is finally dehydrated with a zeolite Na-Y to methyl methacrylate. 
Formamide is converted to HCN, which is used to produce acetone- 
cyanohydrin by reaction with acetone. 

6. Several patents and papers have appeared in the 1980's and 90’s claiming the 

possibility of carrying out the synthesis of methacrylic acid by the one-step 
oxidation of isobutane in the gas phase, over Keggin-type 

heteropolycompounds as heterogeneous catalysts [33-42, 239-258]. 

i-QH,o + 2 O 2 CH2=C(CH3) -COOH + 2 H 2 O 

The direct synthesis of methacrylic acid via ' oxidation of isobutane looks 
particularly interesting because of i) the low cost of the raw material, ii) the 
simplicity of the one-step process (above all, if compared to the complexity of the 
acetone-cyanohydrin route), iii) the very low environmental impact, and iv) the 
absence of inorganic coproducts. Rohm & Haas Company was the first, in 1981, 
to claim the one-step oxidation of isobutane to methacrolein and methacrylic acid 
[42]. Even though no reference to heteropoly compounds is given in the patent, the 
claimed catalyst compositions are clearly Keggin-type structures. Starting from 
this patent, a number have followed, mainly from industrial companies from 
Japan, claiming the use of modified Keggin-type heteropoly compounds as 
catalysts for the oxidation of isobutane. 

A peculiar feature of the claimed processes is that almost all of them use 
isobutane-rich conditions, with isobutane-to-oxygen molar ratios around 2, and 
thus with oxygen as the limiting reactant. This, of course, leads to relatively low 
conversions of the paraffin (almost all patents claim isobutane conversions not 
higher than 15%), with need for recirculation of the unconverted isobutane. For 
this reason Sumitomo claims the oxidation of CO to CO 2 (contained in the 
effluents from the oxidation reactor) in a separate reactor with a supported Pd 
catalyst, after the condensation of methacrolein and methacrylic acid. CO 2 can 
then be removed by absorption in a basic solution [243, 244]. 

In some Mitsubishi patents [245] higher conversions of isobutane are reported, 
(around 25 %), because an isobutane-to-oxygen ratio of 0.6 is used, closer to the 
stoichiometric one for the synthesis of methacrylic acid. In all cases steam is 
present as the main ballast. The role of the steam is to decrease the concentration 
of isobutane and oxygen in the recycle loop and, thus, keep the reactant mixture 
outside the flammability region. Water can be easily separated from the other 
components of the effluent stream, and, moreover, it plays a positive role in the 
catalytic performance of heteropoly compounds, because it helps in surface 
reconstruction of the Keggin structure, decomposed during the reaction at high 
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temperature, and favours desorption of methacrylic acid, saving it from 
unselective consecutive reactions. 

Under the reaction conditions described in patents, methacrolein is a product 
always present in non-negligible amounts, and therefore a commercial process 
would require an economical method for recycling not only unconverted iso- 
butane, but also methacrolein. Patents assigned to Asahi Chem. Ind. [257] claim 
the use of an organic solvent, a mixture of decane, undecane and dodecane, which 
can efficiently absorb isobutane and methacrolein from the off-gas, with a 99.5% 
recovery efficiency. Isobutane and methacrolein are then stripped with air and 
recycled. 

In Asahi patents the use of a catalyst suitable for fluidized-bed operation in 
CFB reactors is also reported, so as to allow continuous transport of catalyst from 
the reaction to the regeneration vessel, and vice versa. Also, alternate feeding of 
isobutane and of oxygen over the catalytic bed allows higher selectivities to be 
obtained [258]. In this case, the catalyst claimed is an ammonium salt of a P/Mo 
Keggin-type heteropolycompound. With the CFB reactor 8% isobutane 
conversion, 54% selectivity to methacylic acid and 17% selectivity to meth- 
acrolein are obtained. A similar process configuration has also been claimed by 
Sumitomo [243], which makes use of isobutane and air (in the two separate steps) 
which are diluted in steam, and a catalyst analogous to that used under usual 
cofeeding tests. In this case, a conversion of 11.2% is claimed, with a selectivity 
of 52.9% to methacrylic acid and 12.8% to methacrolein. 

There are a few features relative to heteropolycompounds, common to most 
published papers and patents, which seem to be an important condition to obtain 
the best performance. In all cases, vanadium is present in the framework of the 
P/Mo Keggin anion, while the cations include different components, i.e. protons, 
divalent transition metal ions (preferably Cu^), and alkali metal ions (preferably 
Cs^). The role of Cu ions is to catalyze the reduction of molybdenum, thus 
increasing the activity of the catalyst [249, 250]. They also affect the surface 
acidity [33, 249]. 

According to Asahi patents [240], the heteropolycompound, in order to be 
active and selective, has to be characterized by the cubic structure, and by a partial 
degree of reduction (also achieved by in situ treatment with isobutene at 450°C). 
The importance of having molybdenum of the Keggin anion in part reduced has 
also been claimed by other authors [41, 231, 232, 248, 253]. It is possible that a 
more reduced catalyst leads to a better selectivity to the product of partial 
oxidation, and is thus less active in total combustion. This might also explain, why 
in all cases isobutane-rich conditions are reported, since they are more reducing 
than those with a low concentration of isobutane (i.e., isobutane-leaner conditions 
with respect to the flammability zone). 

A partially reduced catalyst can be achieved by preparing compounds having 
organic cations which during thermal treatment are oxidized at the expense of 
Mo^^ [231, 232]. Another possibility is to prepare compounds having cations 
which can make electrons exchange with Mo^^ in the anion, themselves becoming 
oxidized. It has been found, for instance, that the presence of Sb^^ in the compound 
makes possible the reduction of part of Mo^"^ at 350-400°C even under oxidizing 
conditions (i.e., in the presence of air or under hydrocarbon-lean conditions) 
[254]. The Mo^^ species which develop by the redox reaction are stabilized 
towards reoxidation. 
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The best results obtained with the various heteropolycompound-based catalysts 
found in the patent and scientific literature are summarized in Table 8. 



Table 8. Summary of results reported in literature for the oxidation of isobutane to 
methacrolein and methacrylic acid catalyzed by Keggin-type heteropolycompounds 



Catalyst 


Ref. 


T 

(°C) 


z 

(S) 


iC4H 1 0/ O2/H2O/N 2 
(molar %) 


iC 4 Hio 

conv. 

(%) 


Selectivity 

MAC+MAA 

(%) 


HxPMo^SbOy 


42 


340 


6.1 


10/13/30/47 


10.0 


20+50 


HxP1.1M012V1.1Cuo.1Cs1.1Oy 


240 


320 


3.6 


30/15/20/35 


10.3 


16.3+55.7 


HxP 1 .5M0 1 2 V 1 CU0.2N do.sC s 1 Oy 


252 


320 


3.6 


30/15/20/35 


12.8 


15.9+53.8 


HxP 1 .5M0 1 2 V Os0.04Cu0.2Ba0.2K0.5C 

SO.sOy 


245 


320 


2.4 


10/16.8/10/63.2 


16.3 


10.0+50.1 


H4PM0 1 1 V O40/T a20s 


255 


350 


2 


4/8/0/88 


28.5 


41+13.3 


HxP 1 .5M0 1 2 V 0.5 AS0.4CS 1 .gCuo.sOy 


243 


320 


3.6 


26/13/12/49 


11.2 


11.5+53.6 


HxP 1 .5M0 12 V 0.5 AS0.4CS 1 .4Cuo.sOy 


256 


330 


5.4 


6.5/15.5/15/63 


25.0 


42.6+2.5 


H3.6CU2.oPMiiV04o/Si02" 


241 


348 


b 


15.1/29.6/19.7/35.5 


13.0 


55.6+11.5 


Hi. 34 CS 2 . 5 Nio. 08 PMOi 1 VO40 


239 


340 


2 


17/33/0/50 


31.0 


29+8 


Ki(NH 4 )xFeiPMoi 20 y 


33 


350 


3.6 


26/13/12/49 


10.8 


32+8 


(Pyr) 3 PMoi 204 o 


248 


300 


c 


2.2/13.7/33.5/50.6 


22.2 


51.1+tr 


H2.4C S 1 .6P 1 .7M0 1 1 V 1 . 1 040 


40 


349 


3.6 


26/12/12/50 


10.6 


37.6+7.9 



MAC = methacrolein; MAA = methacrylic acid; “ 43% of active phase 
bW/F2.1ghml'^ 
c W/FO.l gmin ml ' 



The reaction network consists of parallel reactions of formation of meth- 
acrolein, methacrylic acid and carbon oxides, and of consecutive reactions of 
formation of acetic acid and carbon oxides. Methacrylic acid is also in part formed 
by consecutive reaction on methacrolein, especially at low temperature [34]. 
Methacrolein is much less stable than methacrylic acid, and undergoes 
consecutive reactions of degradation to a much greater extent than the acid [34, 
35, 246]. 

The mechanism of the reaction is illustrated in Figure 9 [34]. The interaction 
with the catalyst occurs through a classical redox mechanism [246]. The 
mechanism involves the initial abstraction of a H species at the tertiary C atom of 
the alkane, possibly by an anionic vacancy in the Keggin anion [40]. This is the 
rate-limiting step of the reaction [246]. An adsorbed alkoxy species is thus 
formed, which is then converted to an ally lie alkoxy species. A dioxyalkylidene 
species then develops, where the primary carbon atom is connected to the catalyst 
surface via two C-O-Mo bridges. This intermediate is either transformed to 
methacrolein (through dissociation of a C-0 bond), or to a carboxylate species 
(via oxidation on a Mo site), which is the precursor for the formation of 
methacrylic acid [34]. The reduced catalyst is then reoxidized by oxygen. 

Catalysts other than polyoxometalates which have been studied for the 
oxidation of isobutane to methacrylic acid include Pt/SbOx [259], Bi/Mo/Nb 
mixed oxides [260], and doped V/P mixed oxides [261, 262]. Vanadyl 
pyrophosphate does not exhibit good performance in the reaction (it is not active, 
and the only product of partial oxidation is methacrolein). However, when the 
V/P/0 system is doped with other metal ions (preferably Co, Nb, Ni ions), an 
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unexpected high activity and good selectivities are obtained to methacrylic acid 
and methacrolein. For instance, with a catalyst having the composition 
Pi^o9^^o.o9Nbo30^, at 280°C a conversion of 23.6% for isobutane was obtained, 
with a selectivity to methacrylic acid of 21.7% and to methacrolein of 45.2%. The 
feed composition was isobutane/oxygen/steam/inert 50/25/25/0 molar %. 
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Fig. 9. Proposed mechanism for the oxidation of isobutane to methacrolein and methacrylic 
acid [34]. 



10. Oxidation of n-Butane to Maleic Anhydride 

Maleic anhydride is one of the intermediate products with the highest forecasted 
increase in demand in the near future; the expected annual growth is higher than 3 
%. Several processes which differ regarding both raw materials (benzene, n- 
butane, butenes) and technologies employed, have been proposed and 
commercialized. Since 1974 benzene has been continuously substituted first with 
a C4 fraction containing paraffins and olefins and later with n-butane. 

n-QH,, + 3.5 O2 ^ C4HP3 + 4 

The main reasons for the replacement of benzene with ^-butane are the 
following: i) the higher price of the benzene, ii) environmental problems (benzene 
is classified as a carcinogen), and iii) quality of the product. Heavy by-products 
are obtained from benzene (phthalic anhydride, benzoquinone) and lower 
molecular weight acids from butenes. 
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10.1 Current Industrial Technologies 

The several commercial processes for maleic anhydride production from n-butane 
differ regarding i) type of reactor (fixed-bed, fluidized-bed, transport-bed), ii) 
type of recovery of maleic anhydride (aqueous or organic), iii) method of 
purification of maleic anhydride (azeotropic batch or continuous distillation, thin- 
layer evaporator), iv) gas phase composition (concentration of «-butane: in 
general not higher than 1.8% in air in fixed-bed reactors, 3.6-5 % in air in 
fluidized-bed reactors, and higher than 4 % in inerts in the riser reactor for the 
CFB process), v) procedures of preparation, activation and regeneration of the 
catalyst, vi) nature and amounts of chemical and physical promoters for the active 
phase (V0)2P207, which is common to all the processes, and vii) purity of maleic 
anhydride and type of downstream processes. 

Table 9 reports the main features of the different industrial processes. 



Table 9. Main features of the different industrial processes 



Process, licensor 


Type of reactor 


Maleic anh. recovery 


Ref. 


DuPont 


Transport-bed 


Aqueous 


45-50, 263, 264 


ALMA (Alusuisse, Lummus) 


Ruidized-bed 


Anhydrous 


265-267 


Alusuisse Italia 


Fixed-bed 


Anhydrous or aqueous 




Amoco 


Fixed-bed 




268-271 


BP (Sohio)-UCB 


Ruidized-bed 


Aqueous 


272, 273 


Denka-Scientific Design 


Fixed-bed 


Aqueous 


274 


Mitsubishi Kasei 


Ruidized-bed 


Aqueous 


275, 276 


Mitsui Toatsu 


Ruidized-bed 




277, 278 


Monsanto 


Fixed-bed 


Anhydrous 


279-282 



A further aspect to take into consideration is the reaction pattern, which affects 
the value of conversion at which the highest yield of maleic anhydride is obtained. 
In fact both parallel and consecutive reactions of total combustion are important, 
and the conversion must be lower than 80 % in order to avoid overoxidation of 
maleic anhydride. The main by-products are CO and CO2, while minor amounts 
of acetic acid, acrylic acid and phthalic anhydride (with overall selectivity lower 
than 5%) are formed. 

The catalyst is for all processes made substantially of a mixed oxide of 
vanadium and phosphorus characterized by a well-defined crystalline structure, 
vanadylpyrophosphate (VO)2P202, prepared by thermal treatment of a crystalline 
precursor, (VO)HPO4*0.5H2O. Older catalyst formulations were prepared in an 
aqueous solvent, while in the most recent patents for almost all industrial pre- 
parations, organic solvents are preferred. 

The several different preparations described in the patents issued by the various 
companies have been compared and discussed [283]. An empirical formula which 
can represent all the catalyst formulations is the following: VP^Mej^O/inert . Wide 
variations in the value of a (0.8 to 1.5) and a wide spectrum of promoters have 
been claimed in the patents: Li, B, Zn, Mg, Co, Fe, Ni, Cr, Ti, Mo, W, Bi, Zr, rare 
earths. However, in the most preferred catalyst composition the value of a ranges 
from 1.03 to 1.2, the value of b is from 0 to 0.1, Me is one or more chosen among 
Zn, Li, Mo, Zr, and Fe, the inert is colloidal silica and the value of y ranges from 
0 to 10% by weight with respect to the active component. 
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For fixed-bed applications, the catalyst is pressed into cylindrical pellets. For 
fluidized-bed reactors, different preparation techniques can be used to increase the 
attrition resistance of the catalysts: 

1. Impregnation of active components onto a support with optimal fluidization 

properties; 

2. Embedding of the active component in an inert material with high attrition 

resistance; 

3. Addition of small amounts of additives to the precursor; 

4. Encapsulation of the active component in a thin shell of silica. 

The main features of three different processes (which can be taken as 
representative of the three technologies in fixed-bed, fluidized-bed and transport- 
bed) are examined below. 

The ALMA process is a technology jointly developed by Lummus Crest 
(expertise in fluidized-bed and catalyst technology) and Alusuisse Italia (expertise 
in maleic anhydride production from benzene and w-butane) [265-267]. A 
fluidized-bed reactor, and an organic (non-aromatic) solvent recovery system for 
maleic anhydride are employed. The catalyst is made of unsupported active phase, 
prepared by spray drying the ball-milled precursor with a small amount of 
additives. A molar yield of maleic anhydride of 50 % at 80-85 % conversion is 
claimed, with 4 % n-butane in the feed. 

A flow diagram of the process is reported in Figure 10. The reactor effluents, 
after separation of the catalyst in cyclones, are cooled down to 200°C, filtered to 
remove the fines and delivered to the maleic anhydride recovery system. The fines 
are in part recycled and in part collected in a catalyst handling system. After 
separation of the fines, the reactor effluents are scrubbed with cycloaliphatic esters 
to remove the maleic anhydride without condensation of water. The off-gas is 
converted in a thermal incinerator, where all organic compounds are burnt to 
carbon oxides. The maleic anhydride is separated by the solvent, most of which is 
recycled to the scrubber, while a small part is sent to a solvent purification section. 
The crude maleic anhydride is then purified from the light ends, which are sent to 
the incinerator, and from the solvent, which is recycled to the previous separation 
column. 

DuPont de Nemours has developed an integrated process for the production of 
tetrahydrofuran from n-butane [263, 264]. Important key aspects of the process 
have been the development of a new hardening procedure to prepare catalysts with 
high attrition resistance, and the development of the CFB reactor (transport-bed) 
concept for the oxidation of n-butane. 

A flow diagram of the process is reported in Figure 1. Fresh n-butane together 
with the recycle gas and the reoxidized catalyst enter from the bottom of the riser. 
After separation of reduced catalyst from the gas stream, the catalyst is introduced 
into the fluidized-bed where it is oxidized with air before being recycled into the 
riser. Maleic anhydride is recovered from the off-gas by scrubbing with water and 
the aqueous maleic acid is reduced to tetrahydrofuran in the hydrogenation 
reactor. 
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Fig. 10. Simplified flow-sheet of the ALMA process 



A catalyst with high attrition resistance is prepared by coating the active 
component with silica. The catalyst is prepared by grinding the precursor into 2|im 
particles and forming a slurry with freshly prepared silicic acid to produce a 
sample containing 10 % silica by weight. When the slurry dries, silicic acid 
migrates to the surface of the particles and ultimately polymerizes on the surface 
of the particles. The silica coats the active components and forms a very strong 
porous shell which gives high mechanical resistance and does not cause loss in 
selectivity. 

In a pilot CFB reactor, a selectivity of 75% to maleic anhydride is obtained up 
to 50% w-butane conversion, for concentrations of hydrocarbon ranging from 1 to 
50%. At higher conversions the selectivity decreases, reaching the value of 60% at 
90% conversion. The rate of circulation of the catalyst is affected by the amount 
of active oxygen available on the catalyst surface. It has also been calculated that 
the available oxygen is that formed by oxidation of the first monolayer on the 
surface of (V 0 ) 2 P 207 . The estimated catalyst circulation rate in the plant is 0.5 
ton/s for a 100 million Ib/yr maleic anhydride plant, which is within the range of 
commercial FCC reactors. 

Monsanto uses a fixed-bed reactor, cooled by molten salts, and organic solvent 
recovery for maleic anhydride. Several patents have been issued by the scientists 
of Monsanto directed towards improving their technology by modifying the 
catalyst composition, the activation procedure, the shape of the catalyst and the 
reactor technology [279-282]. Catalyst calcined with a multi-step procedure and 
in the presence of controlled atmospheres (also including steam) [280] needs 
shorter activation periods, and gives 59% yield to maleic anhydride. In order to 
decrease the hot-spot temperature, responsible for the catalyst decay, dilution of 
the catalyst with inert material such as silica or alumina has been proposed. In one 
patent it was suggested that the catalyst bed should be divided into three portions 
[279]. In the first part the catalyst is diluted with 30 wt.% inert, in the middle part 
with 20% inert, and in the final reactor section (where n-butane is more diluted) 
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the catalyst is not diluted. Particularly shaped structures of V/P/O particles have 
also been patented [281]. 

The possibility of using n-butane concentrations in air higher than the lower 
flammability limit in fixed-bed reactors has also been investigated [282]. This 
leads to an increase in productivity of maleic anhydride. It is likely that currently a 
n-butane concentration of approximately 2.4 % is used. 



10.2 The Main Features of the Active Catalyst 

A great number of scientific papers has been published beginning in the 1970’s, 
dealing with the study of the V/P/O-based catalytic system. These papers have 
been analyzed in several reviews and monographs, which summarize the most 
important aspects concerning the reaction and the catalytic system [9, 16, 283- 
289]. The structure of the vanadyl pyrophosphate is illustrated in Figure 11, where 
the vanadyl dimers are evident, connected along the a axis through V=0 — V 
bonds, and separated in the be plane by pyrophosphate groups. 

The role of different vanadium phosphate phases, and the role of the valence 
state of vanadium in the selective oxidation of n-butane to maleic anhydride has 
been widely studied [290-300]. In general, the fundamental role of the vanadyl 
pyrophosphate, (V0)2P207, as the active phase is recognized, but it is also believed 
that oxidized sites, present as dispersed VOPO^ phases at the surface of the 
vanadyl pyrophosphate, or in the form of domains at the basal {100} face of 
(V0)2P2^7’ directly involved in the formation of maleic anhydride. The 
contemporaneous presence of and seems to guarantee the best catalytic 
performance, even though this has been confuted by some authors [291], who 
proposed that the best catalytic system is the one which only contains vanadyl 
pyrophosphate with well-ordered stacking of the (200) planes. 

The oxygen species which are involved in the multi-electron transformation of 
n-butane are both bulk oxygen ions (even though probably limited to a few 
surface atomic layers), and chemisorbed species [298, 299, 301, 302]. Even 
though the vanadyl pyrophosphate is very-well crystallized, and formally contains 
no species, in the reaction environment "patches" of species or dispersed 
oxidized ions develop, either by chemical adsorption of oxygen, or by oxidation of 
vanadyl pyrophosphate layers. These species give a fundamental contribution to 
the mechanism of formation of maleic anhydride. In some cases, VOPO4 phases 
are already present in the catalyst, expecially when the compound has been 
calcined in air before reaction [290]. In addition, the formation of oxidized VOPO^ 
phases in the reactor will be affected by i) the reaction conditions, i.e. temperature 
and gas phase composition, and ii) the bulk features of the vanadyl pyrophosphate, 
such as the crystallinity and the PA^ ratio [9]. The latter parameter is also affected 
by the presence of water vapour in the reaction environment [303-305]. Water 
leads to a surface enrichment of phosphate anions through migration of P. 

It is worth mentioning that spent equilibrated catalysts may exhibit a vanadium 
valence state which varies from 4.00 [290, 291, 306], to 4.02 [299], or even higher 
[297, 307]. It has been proposed that a limited amount of surface is necessary 
to obtain the highest selectivity to maleic anhydride, but that excessive vanadium 
oxidation leads to an enhancement of the consecutive combustion of maleic 
anhydride [308, 309]. 
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Fig. 11. The vanadyl pyrophosphate, (VO) 2 P 207 , active phase in w-butane oxidation 



The complex transformation of w-butane to maleic anhydride requires several 
different types of oxidizing attacks on the molecule [262]. The transformation of 
n-butane to maleic anhydride may involve the following steps at the adsorbed 
state [285]: 

1. w-butane + Vi O2 butenes + H2O (oxidative dehydrogenation) 

2. butenes + Vi -> butadiene + H2O (allylic H-abstraction) 

3. butadiene + V 2 O2 2,5-dihydrofuran (1,4 oxygen insertion) 

4. 2,5-dihydrofuran + 2 O2 ^ maleic anhydride + 2 H2O (allylic 0-insertion, 

possibly via y-but-2-enoic lactone) 
or: 

4. 2,5-dihydrofuran + V 2 O2 ^ furan + H2O (allylic H-abstraction) 

5. furan +1.5 O2 maleic anhydride + H2O (electrophilic 0-insertion) 

Other proposed mechanisms involve either a direct attack of O^ species at the 
1,4 C atoms of w-butane [310], or an allylic oxidation of an olefinic-like C4 
intermediate to crotonaldehyde, followed by internal cyclization and oxidation 
[311]. A dienic intermediate has also been proposed by Grasselli et al. [301]. In 
any case, the reaction patterns proposed evidence the need for different kinds of 
active sites on the surface of the vanadyl pyrophosphate, able to perform each step 
in the reaction pathway with high selectivity. 

The polyfunctional nature of the vanadyl pyrophosphate is clearly evidenced by 
the different reactions which can be catalyzed by this material, as summarized in 
Table 10. Vanadyl pyrophosphate can catalyze most of these transformations with 
good selectivity. This also indicates that the several steps proposed for the 
mechanism of w-butane oxidation to maleic anhydride can effectively occur on 
this compound. Moreover, (V0)2P202 possesses surface acid centres. Acidity is 
recognized to play important roles in the activation of the paraffin, in the 
desorption of the acid products, and in accelerating specific transformations over 
reactive intermediates. The vanadyl pyrophosphate also may favour bimolecular 
condensation reactions which are not acid-catalyzed, but which are accelerated by 
the proper geometry of sites at which the molecules are adsorbed. This property 
likely plays an important role in the mechanism of phthalic anhydride formation 
from w-pentane [312]. 
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Table 10. Classes of reaction catalyzed by the vanadyl pyrophosphate 



Reactant 


Product 


Reaction type 


isobutyric acid 


methacrylic acid 


oxidehydrogenation 


cyclohexane 


benzene 


oxidehydrogenation 


hexahydrophthalic anhydride 


phthalic anhydride 


oxidehydrogenation 


paraffin 


olefin 


oxidehydrogenation 


olefin 


diolefin 


allylic oxidation (H-abstraction) 


2,5-dihydrofuran 


fiiran 


allylic oxidation (H-abstraction) 


tetrahydrophthalic anhydride 


phthalic anhydride 


allylic oxidation (H-abstraction) 


toluene 


benzonitrile 


benzyl (amm)oxidation 


benzene 


maleic anhydride 


electrophilic oxygen-insertion 


butadiene 


furan 


electrophilic oxygen-insertion 


naphthalene 


naphthoquinone 


electrophilic oxygen-insertion 


furan 


maleic anhydride 


electrophihc oxygen-insertion 



One main characteristic of n-butane oxidation is the substantial absence of by- 
products of partial oxidation other than maleic anhydride. This means that once 
the alkane has been adsorbed and transformed into the first intermediate species, 
the latter has to be quickly further converted to the final stable product. If this 
requirement is not met, the adsorbed olefinic-like intermediate may desorb. This 
leads to a lower selectivity to the final desired product, because the olefin may be 
readsorbed on non-specific oxidizing sites yielding other undesired products 
(aldehydes or acids), which can also be precursors for the formation of carbon 
oxides. In order to guarantee this selective pathway, the catalyst surface must 
provide the required arrangement of specific oxidizing sites: the different 
functional properties must be arranged so as to provide an ensemble of sites (or, 
alternatively, sites with multifunctional properties) able to allow the reaction 
pathway from alkane adsorption and activation up to its transformation to the final 
product to be completed. 

An important aspect associated with the reactivity of the V/P/O system 
concerns catalyst aging, and modifications which occur in the catalyst under 
reaction conditions. This is an important aspect from an industrial point of view, 
since the stable (and also the best) performance is usually reached when the 
catalyst i) is well crystallized, and ii) has reached an "equilibrated" state. Under 
these conditions the distribution of V species having different valence states is that 
which is in redox equilibrium with the gas phase. The latter can be more or less 
reducing, depending on the hydrocarbon-to-oxygen ratio and on the reaction 
temperature. 

The time-on-stream which is necessary to reach this "equilibrated" state, and, 
thus, to reach a stable catalytic performance, is essentially a function of the 
characteristics of the fresh catalyst. The greater are the differences with respect to 
the characteristics of the equilibrated catalyst, the longer the time that is needed 
(sometimes hundreds of hours) to reach the steady state [300]. Recent works by 
Bordes et al. [315-318] demonstrate that the transformation of the catalyst 
precursor, VOHPO 4 .O. 5 H 2 O into the final catalyst occurs with development of 
mosaic-like particles of slightly misoriented small crystallites of vanadyl 
pyrophosphate [314]. Therefore the morphology of the final catalyst may be 
profoundly affected by the procedure adopted for the thermal treatment, and in 
turn the morphological features may greatly influence the chemical-physical 
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properties of (V 0 ) 2 P 207 , and thus its catalytic performance. For this reason, a 
thermal treatment (activation) which is able to transform the precursor to a catalyst 
with characteristics very close to those of the equilibrated one may represent a 
substantial advantage from the industrial point of view. When the thermal 
treatment of the precursor is carried out in the presence of steam, a well 
crystallized vanadyl pyrophosphate develops [313], which exhibits a stable 
catalytic behavior from the very beginning. 

An important point is represented by the role of species, present as defects 
in the vanadyl pyrophosphate structure. It has been reported that defectivity can 
enhance the activity of ions, thus leading to more active catalysts [300, 319, 
320]. Reduced V species develop during the thermal treatment of the precursor 
when the latter contains organic compounds retained in the interlayer spacing of 
its layered structure. When the thermal treatment is carried out in nitrogen 
atmosphere, the organic compounds are released from the solid, and while 
forming carbon oxides pick up ionic oxygen from the structure, at the same time 
reducing the V ions [321, 322]. The final extent of reduction of the vanadyl 
pyrophosphate is approximately proportional to the amount of organic compounds 
originally retained in the precursor. More reduced catalysts are more active; this is 
shown in Figure 12, which plots the conversion of w-butane and the selectivity to 
maleic anhydride as functions of temperature for three catalysts having increasing 
extents of V reduction. Results refer to almost equilibrated catalysts, which had 
been running under reaction conditions for more than 100 h. 



11. Oxidehydrogenation of Paraffins to Olefins 

Light olefins (along with methane and aromatics) are obtained from steam 
cracking of natural gas and of naphtha and from FCC. These established processes 
are extremely capital-intensive. The products have to be separated and purified for 
use in downstream plants that require fairly pure feedstocks, and the supply and 
demand for each coproduct are rarely in balance. Consequently, the increase in 
demand for olefins in the future might be satisfied by a direct production of 
individual or specific cuts of olefins in selective processes. In addition, an 
integration of these plants with downstream plants for olefins transformation into 
valuable chemicals can be advantageous in many cases. 

Commercial processes for the synthesis of light olefins through paraffin 
dehydrogenation are available, even though their main application is the isobutene 
synthesis [323]. In the case of propane, a couple of plants are in service, while in 
the case of ethane thermodynamic constraints would force operation at im- 
practicable temperatures. The commercial catalytic dehydrogenation processes 
suffer from several constraints, in particular: i) thermodynamic limitations on 
paraffin conversion; ii) side reactions such as thermal cracking; iii) strongly endo- 
thermic reactions to which large amounts of heat must be supplied at temperatures 
above the reaction temperature; and iv) formation of coke on the catalyst which 
requires frequent regeneration. With the goal of overcoming these limitations, 
some alternatives are currently studied, of which the following are the most likely 
to be implemented: i) optimization of the current dehydrogenation technologies, to 
obtain more selective, stable and environmentally safe catalysts and lower the 
investments and the utility costs; ii) dehydrogenation coupled with hydrogen 
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oxidation, in order to supply the heat of reaction inside the catalytic bed while 
avoiding overheating and to shift the equilibrium toward the desired products; iii) 
oxidative dehydrogenation, to overcome thermodynamic limitations, to operate an 
exothermic reaction at low temperatures, and to avoid frequent catalyst rege- 
neration; and iv) membrane-assisted dehydrogenation, to obtain high conversions 
at low temperatures and to conduct the reactions and separations in the same 
equipment. 




Fig. 12. Conversion of n-butane (full symbols) and selectivity to maleic anhydride (open 
symbols) as a function of temperature for almost-equilibrated catalysts having different 
average valence state of V: ♦ (V^^, A (V"^“"^) and • (V^^O (as determined by chemical 
analysis of spent catalysts). 

The introduction of a hydrogen acceptor like oxygen into the dehydrogenation 
reaction medium allows a number of technical problems that are met with pure 
dehydrogenation to be overcome, i.e. the thermodynamical limitations (the reac- 
tion becoming practically irreversible), the endothermicity and the deposition of 
coke on the catalyst. 

On the other hand, a number of other technical problems arise: 

1. Removal of the heat of reaction from the reaction medium. The oxidative 
dehydrogenation is exothermic, and is accompanied by even more exothermic 
combustion reactions. This influences the selection of the proper type of 
reactor, in order to minimize local hot-spots and to achieve as much as possible 
isothermal profiles along the catalytic bed. 

2. Control of the selectivity; besides carbon oxides, oxygenated products such as 
acids are highly undesired. Even the formation of traces of these compounds 
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can give rise to corrosion problems, affect the purity of the final product, and 
lower the yield. 

3. Flammability of the reaction mixtures; the problem becomes determining when 
feeding hydrocarbon and pure oxygen. Attention must also be given to the 
composition of the outlet stream, both before and after removal of condensable 
products (such as water), and when recycling recompressed streams. 

The catalysts described in the literature for oxidative dehydrogenation are not 
simply modifications of dehydrogenation catalysts, achieved by addition of 
oxidant components, and neither is the polyfunctional nature of dehydrogenation 
catalysts exploited by carrying out the reaction in the presence of oxygen. On the 
contrary, brand new classes of catalysts have been developed for the 
dehydrogenation of paraffins in the presence of oxygen [9, 10, 17, 20, 121, 131, 
216]. The different classes of catalysts have some common features, such as the 
same rate-determining step (formation of an alkyl radical), but considerable 
differences, as well. For instance, the catalysts belonging to the class of alkali- 
doped alkaline earth oxides are selective only in ethane oxidative 
dehydrogenation. Among the catalysts constituted of transition metal oxides, 
instead, some are active and selective in ethane conversion and unselective for the 
other paraffins, while other systems show good performance only in the 
conversion of propane and n-butane, but not in the conversion of ethane. 

Particular technical solutions are those where the hydrocarbon is put in contact 
with the reducible catalyst (based on a transition metal oxide) in the reactor, and 
the reduced catalyst is reoxidized in a separate fluidized or mobile-bed. This 
circulating-bed configuration has been proposed by ARCO and by Phillips 
Petroleum Co for ethane oxidehydrogenation with different catalytic systems [117, 
324]. 

Other technologies utilize the reaction heat for carrying out endothermic 
reactions, i.e. the pyrolysis of ethane to ethylene (thermal cracking) [325]. Thus, it 
has been proposed to combine the oxidative coupling of methane with the 
pyrolysis of ethane recycled in the oxygen-free zone at the top of the reactor 
(Oxco process [326]). 



11.1 The Oxidehydrogenation of Ethane 

Among the dehydrogenation reactions, the least feasible one is the dehydro- 
genation of ethane, which suffers from the most severe thermodynamic 
constraints. The oxidative dehydrogenation of ethane therefore constitutes a valid 
alternative to pure dehydrogenation. 

+ 1/2 ^ + H^O 

In any case, it is likely that the oxidative dehydrogenation of ethane will 
become economically competitive with the steam cracking of either naphtha or 
LPG only when the high selectivity to ethylene makes useless the separation of 
hydrocarbons from carbon oxides (in particular, the formation of CO is highly 
undesired) for downstream applications of the olefin. Another major problem can 
come from the formation of low amounts of condensable, oxygenated products, 
such as acetic acid. 
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Generally, the catalysts which have been described to be active and selective in 
the oxidehydrogenation of ethane can be classified into different groups: 

Catalysts based on oxides of Group lA and II A metals, which are also active 
for methane coupling [57, 58, 59, 60, 62-65]. These activate ethane at 
temperatures usually higher than 600°C to form ethyl radicals, which then further 
react in the gas phase. The most successful of these catalysts is the LT/MgO one. 
The mechanism does not involve a classical redox-type cycle; thus, the catalyst is 
only involved in C-H scission with radical formation, analogous to what occurs 
with methane. The role of Li is the generation of Li^-0 centers capable of 
abstracting a H radical and forming the ethyl radical. Such catalysts could be 
employed after a methane coupling reactor, in order to increase the yield to 
ethylene through oxidehydrogenation of the ethane formed. 

High selectivities and yields to ethylene can be achieved with these catalytic 
systems, especially when chlorine-containing compounds are also fed to the 
reactor, or when the catalyst is doped with halides [64, 65]. The promoter effect is 
maintained by continuous feeding of the chlorine, which modifies the catalyst 
surface [327]. Chlorine radicals are thought to favour the homogeneous de- 
composition of ethyl radicals to ethylene. Ethylene yields as high as 34% can be 
achieved; however, the use of chlorine gives problems related to equipment 
corrosion. 

The selectivity to ethylene increases with increasing temperature up to 700°C. 
This is due to the fact that the ethyl radical formed at high temperature (600- 
700°C; for temperatures above 700 °C homogeneous overoxidation of ethylene 
decreases the selectivity) desorbs and forms ethylene in the gas phase via reaction 
with oxygen. The high stability of ethylene and the contribution of the 
heterogeneously-initiated homogeneous reactions lead to the observed high 
selectivity. At lower temperatures the formation of a surface ethoxy species, 
precursor of CO^, occurs preferentially. 

Figure 13 summarizes the mechanisms proposed in the literature for the two 
classes of catalysts, operating at low and high temperature. 

A further aspect of these systems is the formation of H 2 under oxidative 
conditions. H 2 can be formed either via thermal or catalyzed dehydrogenation. 
Also, a contribution has been proposed due to water-gas-shift equilibrium (over 
rare earth oxides) or to decomposition of an ethoxy intermediate (formed by 
interaction between ethyl radical and bulk oxygen) to CO, C and H 2 . It was found 
that catalysts like Ca/Ni/K/0 and Li/Mg/O are active in the water-gas-shift at the 
temperatures at which ethane oxidehydrogenation occurs [328]. 

Other systems that are active at temperatures higher than 600°C are Li20/Ti02, 
LiCl/NiO, LiCl/Mn02 and LiCl/Sm 203 . Dopants other than Li have been reported: 
Sn02, Na20 and lanthanides (mainly Ce02) [329]. 

Catalysts based on transition metal oxides: f-elements. Rare earth oxides are 
remarkably active, and yield ethylene with high productivity and good selectivity 
[74, 75]. In addition, they are very stable even at high temperature. Doping Sm 203 
with alkali metals gives the best performances. These systems are characterized by 
a mechanism similar to that of Li/Mg/O catalysts, thus with activation of the 
alkane by adsorbed oxygen rather than by bulk oxygen ion. A detailed study of the 
reactivity of rare earth oxides has been made by Baems et al. [216, 330]. It was 
found that the reaction mixture is ignited at the catalyst surface due to the high 
activity of the catalyst, and that the heat generated is sufficient for the gas-phase 
endothermic thermal pyrolysis of the alkane to the olefin. The presence of alkali 
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metal ions as dopants results in catalysts showing ignition temperatures as low as 
440-490°C (the bed temperature rises to 750-850°C). The reaction is completely 
autothermal, and there is no need for additional external heat input. Rare earth 
oxides are catalysts which exhibit, together with alkali metal oxides, the highest 
yields to ethylene, even greater than 50% [331]. This is likely due to the coupling 
of heterogeneous and homogeneous mechanisms. 




Fig. 13. Summary of homogeneous and heterogeneous mechanisms proposed for ethane 
oxidehydrogenation. 

Catalysts based on transition metal oxides: d~elements. In vanadium oxide- 
based systems the catalyst is reduced by an interaction with the hydrocarbon, 
through a classical redox cycle [130, 332-334]. These systems can activate ethane 
at temperatures as low as 400°C, and the entire reaction is heterogeneous, hence 
controlled by the catalyst. Homogeneous reactions contribute significanty to the 
total conversion only at high temperatures (i.e., above 550°C). 

Mixed oxides of MoA^/Nb are active in ethane oxidation at temperatures as low 
as 250°C, with selectivity to ethylene higher than 80% [122, 123]. With these 
catalysts it is also possible to reach yields of ethylene higher than 30%. However, 
in this case, the ethylene productivity appears to be too low to have practical 
application. MoW/Nb/0 also forms considerable amounts of acetic acid. 

Catalysts based on noble metals. Catalysts based on noble metals have been 
extensively studied by Schmidt et al. [96, 342, 344], where the active component 
is either spread over ceramic monoliths or supported over fluidizable low-surface 
area alumina. Pt- and Rh-coated ceramic foam monoliths in autothermal reactors 
operate at residence times of the order of milliseconds, and very high yields can be 
obtained at temperatures between 900 and 1000°C. The authors claim that under 
these conditions the prevailing mechanism is heterogeneous, but the high 
selectivity achieved and the reaction conditions would rather suggest an 
heterogeneously-initiated homogeneous mechanism. Slightly lower temperatures 
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(around 850°C) were achieved with fluidized reactors, and in this case operation 
was almost isothermal. 

Table 1 1 and Figure 14 summarize the best results reported in the literature. 



11.2 The Oxidehydrogenation of Propane 

The oxidehydrogenation of propane may represent a valid alternative to industrial 
dehydrogenation processes. 

C3H3 + 1/2 o, C3H, + up 

Most catalysts described in the literature are based on vanadium oxides as the 
main component [345-358]; particular attention has been given to the magnesium 
vanadates. A general feature of most catalytic systems is that the selectivity to 
propylene decreases as the propane conversion increases [18]. This is due to the 
presence of allylic hydrogen atoms in the propylene formed which act as centers 
for consecutive oxidative attacks. This conversion/selectivity trade-off is one of 
the main differences between ethane and propane. Moreover, the contributions of 
homogeneous reactions, or of surface-initiated gas-phase reactions, have to be 
taken into account when the reaction is carried out at temperatures higher than 
450-500 °C. 



Table 11 . Catalyst types and reaction conditions for the oxidehydrogenation of ethane 



N. 


Catalyst 


Ref. 


FeedCT/O,, (%mol.) 


T(°C) 


1 


MOq 73V0 jgNbo 090^ 


122 


9/6 


350 


2 


Moq 51 VQ26Nbo 07860 (^Caoo 20 x 


124 


8/6.5 


330 


3 


MOq 73V0 igNbg 090^ 


128 


9/6 


350 


4 


MOq 6Vq jNbo 


130 


50/5 


460 


5 


MOq 55Reo o 6 Vo. 26 M)o. 07 Sbo 03Cao 02 Cx 


24 


21/3.8 


325 


6 


NiiVo.3SboA 


364 


41.6/16.8 


500 


7 


3%VP5/Si02 


332 


13/28 


600 


8 


5% V 2 O 5 /AIA 


338 


33/10 


500 


9 


30% B 2 O 3 /AI 2 O 3 


328 


10/10 


550 


10 


30% B 2 O 3 /AI 2 O 3 


335 


20/20 


550 


11 


30% B 2 O 3 /P 2 O 5 


210 


15/15 


530 


12 


K 2 P 1 . 2 MO 10 W 1 Sb 1 Fe 1 Cr 0 . 5 Ce 0 . 75 O, 


380 


35/16 


470 


13 


(V 0 ) 2 P 207 


343 


2/21 


345 


14 
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The following is a summary of the catalytic performances of the most impor- 
tant systems described in the literature (the same systems have also been claimed 
for the oxidehydrogenation of n-butane): 
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Fig. 14. Best values of selectivity to ethylene and of conversion of ethane for catalysts 
reported in the literature. Numbers refer to first column in Table 11. 

1 . V 2 O 5 is not a good catalyst for the oxidehydrogenation of paraffins, but the 
spreading of the oxide onto a support with basic features (such as sepiolite) or 
over alumina, with the formation of centers with particular chemical-physical 
features and reactivity, leads to selective catalysts [346]. These catalysts are 
active at relatively low temperatures (in the 350-450°C range). A selectivity 
not higher than 40% is obtained, and only at low levels of conversion (not 
higher than 15%). The combination of V 2 O 5 with Nb 205 improves the catalytic 
properties [350, 351]. Niobium oxide itself, though characterized by low 
activity, is selective in the formation of propylene. The active phase in V/Nb/0 
systems was proposed to be the compound V 2 Nb 230 g 2 * a V/Nb/0 catalyst 
having 3.5% V 2 O 5 , 7% conversion of propane was reached at 390°C, with a 
selectivity of 70% to propylene. Recent results [358] point out the importance 
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of having highly dispersed, tetrahedrally coordinated sites in order to have 
high selectivity to propylene with V/O-based catalysts. 

2. Mg/V/0 catalysts have been the object of several investigations in recent years. 
This system is active in the 550-600°C temperature range, and with respect to 
V2O5 is characterized by improved basicity and surface area [352-354, 356, 
357]. This catalyst also leads to the formation of oxygenated by-products. 
Selectivity to propylene as high as 60% can be reached, with yields of 20-25% 
and a fairly high productivity. The selectivity generally decreases as conversion 
increases. Both Mg3(V04)2 (Mg orthovanadate) spread over MgO, and Mg2V202 
(Mg pyrovanadate) are considered to be the most active and selective 
compounds in C3-C4 alkane oxidehydrogenation. Important factors which 
determine the catalytic performance are the presence of isolated VO4 units and 
the reducibility of in the structure. MgA^/Sb/0 systems have been described 
by Grasselli et al. [365]; the propylene selectivity at low conversion is high 
(close to 80%), but rapidly declines as the propane conversion increases. 

3. Metal-zeolites [347, 359]; the isolation of oxidizing sites is realized by the 
dispersion of vanadium ions inside catalytically inert matrixes, such as zeolites 
or zeolitic-like compounds. V-silicalite exhibits relatively high yields, but low 
productivity. In VAPO-5 isolated VO4 tetrahedra have been proposed to be the 
active and selective sites in the alkane oxidehydrogenation. 

4. Metal molybdates. Bismuth molybdates and vanadomolybdates are active in the 
oxidation and ammoxidation of propylene to acrolein, acrylic acid and acry- 
lonitrile. Nickel and cobalt molybdates instead exhibit very high activity in 
propane oxidehydrogenation; 63.1% selectivity to propylene at 20.9% propane 
conversion is obtained with p-NiMo04 [360]. Magnesium molybdates have 
been claimed by Dow Chem Co for n-butane oxidehydrogenation in two steps, 
with 80% overall yield to butadiene plus butenes [361]. An extensive study on 
the reactivity of molybdates has been done by Grasselli et al. [365-367]. The 
only primary product of oxidation over a silica-supported NiQ5COo5Mo04 
catalyst is propylene, while, at propane conversion of 20%, a selectivity around 
67% is reached. The mechanism is a redox-type one, involving homolytic C-H 
bond breaking at the secondary C atom as the rate-limiting step. Maximum 
yield to propylene is 16% at 34% propane conversion. It was proposed that this 
system might be efficiently combined with a propylene (amm)oxidation 
catalyst in an integrated process of transformation of propane to acrylic acid or 
acrylonitrile. 

5. Phosphates of various transition metals have been tested as catalysts for the 
oxidehydrogenation of propane [362]. These systems are active at temperatures 
lower than 400°C. As in the case of ethylbenzene oxidehydrogenation, the role 
of coke (and specifically of oxidized sites in coke which has built-up over 
metal phosphates) in catalyzing the reaction should be taken into consideration. 

6. Other oxides. Rare earth oxides [216] give yields to propylene around 30% 
(La203/Sr0) at 650-700°C, with a reaction which is ignited at the catalyst 
surface and then proceeds into the gas phase (thermal pyrolysis). Manganese 
oxide-based systems have been claimed by Nippon Catalytic Chem Ind [363]: 
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Mn,Po 20 ^, MrijSbo 250 ^, MiijSboj 5 Woo 5 Soj 5 Cro, 0 ^, with a maximum yield to 
propylene of 15.5% at 530°C. 

7. Noble metals. As in the case of ethane oxidehydrogenation, supported noble 
metals have been checked as catalysts for propylene synthesis both in fluidized 
beds and in monolithic-type reactors [97, 342], at low residence times. 
Selectivity to propylene as high as 65% at almost total propane conversion 
could be achieved under autothermal conditions, with Pt-based catalysts and at 
high fuel-to-oxygen ratios. No coke deposition and catalyst deactivation was 
observed during several days of operation. A completely heterogeneous 
mechanism was proposed, with development of an adsorbed alkyl species via H 
abstraction by an oxygen species. The adsorbed species is then transformed into 
the olefin. 

The problem of propylene stability towards consecutive unselective oxidative 
attacks makes finding a suitable catalyst for propane oxidehydrogenation a 
difficult task. Several systems that can activate the paraffin have been found, but 
none of them is able to prevent consecutive reactions of the olefin formed. It is 
likely that the best conditions might come from the coupling of i) an 
heterogeneous system able to activate propane at (relatively) high temperature, 
and ii) an homogeneous decomposition of desorbed radical species to propylene. 
In fact, low temperatures favour the surface-catalyzed consecutive oxidation of 
propylene to carbon oxides. This happens because the activation energy for the 
gas-phase dehydrogenation is higher than that for the heterogeneous combustion. 

Another possibility to overcome the decrease in selectivity lies in the design of 
suitable reactor configurations, which may lead to a substantial decrease in the 
contribution of the consecutive reactions. For instance, it has been recently found 
that the use of a monolithic-type reactor configuration, where the catalyst 
(alumina-supported vanadium oxide) is dispersed in the form of a thin layer over 
a cylindrically shaped ceramic monolith, allows the selectivity to propylene to be 
maintained at increasing propane conversion. In contrast, in the case of packed- 
bed reactors with catalyst shaped in particles the propylene selectivity decreases 
when the conversion increases [109]. 

A peculiar reactor configuration has been described by Santamaria and Lopez 
Nieto [368,369]. In a bench-scale fluidized-bed reactor it was possible to perform 
in separate zones the two reactions of i) paraffin interaction with the catalyst 
(leading to the olefin and to the reduced catalyst) and ii) reoxidation of the 
reduced catalyst with molecular oxygen. The two reactions occur in two defined 
zones (which have separate feed of reactants) of the catalytic bed, thus in practice 
realizing an in-situ decoupling of the redox reaction. The scheme of the reactor is 
shown in Figure 15. This configuration makes it possible to increase the 
selectivity to the olefin with respect to the case of cofeed experiments. In practice, 
the back-mixing of the gas in the reactor is negligible (thus simulating plug- 
flow). The two reactions are realized separately in the same vessel, while the 
recirculation of the solid allows cycles of catalyst reduction and reoxidation to be 
performed efficiently. 

Another technical solution aimed at overcoming problems associated with the 
consecutive reaction of olefin combustion was proposed many years ago, where 
the endothermal dehydrogenation of propane is coupled to the selective oxidation 
of molecular hydrogen (produced by dehydrogenation) to water. In this way, it is 
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theoretically possible to avoid problems associated with the dehydrogenation 
reaction (i.e., the hydrogen combustion makes it possible to shift the equilibrium 
towards the formation of propylene, and to avoid the supply of heat from outside 
the reactor, at high temperature) and those relative to the oxidehydrogenation (low 
selectivity to propylene due to the combustion reaction). However, a catalyst must 
be developed which is selective in the combustion of hydrogen but is not active in 
the combustion of propane and of propylene. 



Alkane 




MS/G C 
►Gas exit 




Fig. 15. Scheme of the redox reactor proposed by Lopez Nieto and Santamaria [368,369]. 

This kind of process configuration was formerly claimed by UOP for the 
reaction of ethylbenzene dehydrogenation [370, 371], with either a dual catalyst 
bed (one for ethylbenzene dehydrogenation and one for hydrogen combustion), or 
with a single multifunctional catalyst having both dehydrogenation and oxidation 
properties. The same configuration has also been claimed for the dehydrogenation 
of paraffins [372-374], with a multifunctional catalyst based on Sn/alkali metal- 
doped Pt, supported either over a spinel oxide, or over alumina, or with a dual 
catalyst bed, the first one consisting of supported Pt, and the second one for 
hydrogen combustion made of Cs/Sn-doped or Bi/Sn-doped supported Pt. A 
selectivity in hydrogen combustion higher than 95% (with thus minimal 
combustion of the hydrocarbons) is reported. 

The reactor configurations claimed refer to the SMART process (Styrene 
Monomer Advanced Reheat Technology, also developed by UOP together with 
Lummus), which consists of three in-series reactors. A dehydrogenation occurs in 
the first reactor, while in the second and third reactors the gas flows radially 
outward from the center through two catalyst beds separated by screens. Of 
course, the optimal configuration guarantees an almost isothermal operation, due 
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to a balance between the heat generated by combustion and the heat required for 
endothermic dehydrogenation. 

More recently, Grasselli et al. have claimed specific catalysts able to selectively 
oxidize hydrogen with a high conversion of the latter, and with a minimal or nil 
oxidation of propane and propylene [375-377]. The best catalysts selective in 
hydrogen combustion are silica-dispersed Bi203 (selectivity higher than 99%, with 
less than 1% combustion of hydrocarbons), Bi2Mo30,2 and In2Mo30j2- In the 
presence of molecular hydrogen and in the absence of molecular oxygen the most 
selective catalysts exhibited the loss of almost all the theoretically removable 
lattice oxygen, calculated on the basis of the total reduction of Bi cations. 
Therefore these systems can be efficiently coupled with a catalyst for propane 
oxidehydrogenation, in a dual-bed reactor configuration. 

Choudary et al. [378, 379] have investigated the possibility of coupling the 
endothermal thermal (noncatalyzed) cracking of light alkanes to olefins with the 
exothermal (either noncatalyzed or catalyzed) oxidative conversion. Reaction 
conditions include temperatures higher than 700°C and limited oxygen con- 
centration. This process configuration is highly efficient from the energetic point 
of view. Moreover, the formation of coke deposits is considerably limited. 



11.3 The Oxidehydrogenation of Isobutane 

A few papers have appeared in the literature dealing with the oxidative dehy- 
drogenation of isobutane to isobutene [381-387, 390]. 

/— + Vi O 2 — ^ /— C^Hg + H2^ 

Good results have been obtained with PAV/0 Dawson-type hetero- 
polycompounds, which exhibited a fairly constant selectivity to isobutene with 
increasing isobutane conversion [384-386]. With these catalysts, the contribution 
of homogeneous radical processes has been postulated to play a fundamental role. 
In particular, it was found that the conversion of isobutane increases with 
increasing isobutane concentration in the feed, thus corresponding to a formal 
order of reaction for isobutane disappearance higher than 1 (Figure 16). Since the 
selectivity does not decrease when the isobutane partial pressure increases, this 
leads to a considerable increase in the overall yield to the olefin. The same 
phenomenon was observed for propane oxidehydrogenation over boria-alumina 
catalysts, and for propane oxidation over boron phosphate catalysts [388, 389]. In 
the latter cases it has been proposed that the mechanism begins on the catalyst 
surface, with generation of alkyl radicals, and that the reaction is then transferred 
into the gas phase. The order of reaction higher than 1 has been attributed to the 
presence of homogeneous bimolecular reactions between the paraffin and R02*, 
leading to the regeneration of the chain carrier R* and of RO2H, which is then 
decomposed to the olefin and to oxygenated compounds (propionaldehyde, 
acetone and acrolein from propane). 

Another catalytic system of particular interest for isobutane and propane 
oxidehydrogenation is made of alumina-supported chromium oxide, which is also 
active in the corresponding dehydrogenation reactions. It has been found that this 
catalyst is active at temperatures which are considerably lower than those required 
when other catalysts are used [390]. At 340°C it converts isobutane to isobutene 
with 65% selectivity and conversion around 15%. 
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Fig. 16. Effect of the isobutane-to-oxygen ratio on the isobutane conversion and on 
selectivity to the various products in isobutane oxidehydrogenation catalyzed by PAV 
Dawson- type heteropolycompounds [384]. 
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Abstract. Selective hydrogenation reactions are wildly spread in chemical industry, such as 
the selective hydrogenation of alkadienes in petrochemical industry and the selective 
hydrogenation of a,p-unsaturated aldehydes in the production of Fine Chemicals. 
Considering the selective hydrogenation of alkadienes, tools for tailoring catalyst design are 
the modeling of the interrelation between chemical reaction and mass transfer based on 
fundamental studies of the kinetics and the reaction mechanism, where the focus is laid on 
the hydrogenation of 1,3 -butadiene, 1,3-cyclooctadiene and benzene. Factors controlling 
the intramolecular selectivity of the hydrogenation of a,P-unsaturated aldehydes, such as 
acrolein, crotonaldehyde, citral and cinnamaldehyde, to unsaturated alcohols are the metal 
particle size and morphology of the supported metals, metal- support interactions and the 
influence of the nature of active sites in bimetallic catalysts. Surprisingly monometallic 
silver and gold catalysts are also convenient to produce unsaturated alcohols. Industrial 
applications of selective hydrogenations are given. 



1. Introduction 

The purpose of this chapter is to review the present status of selective hydrogena- 
tion of multiple unsaturated compounds, a field which is of importance for both 
the scientific impact for our knowledge in heterogeneous catalysis as well as its 
industrial application. The review is focussed on the selective hydrogenation of 
alkadienes and a,p-unsaturated aldehydes. Because the former represent organic 
compounds with two identical conjugated functional groups the catalyst has to 
hydrogenate one of these identical functional groups with high selectivity, and 
than the hydrogenation is called to be regioselective. In cases where an organic 
molecule consists of different (conjugated) functional groups the ability of a 
hydrogenation catalyst to discriminate among these groups is often referred to as 
chemoselectivity. However, concerning the addition of hydrogen at a given posi- 
tion of a functional group stresses again the problem of regioselectivity. In both 
cases the problem of selectivity became one of the important problems in 
heterogeneous catalysis. 

The first part of this review is focussed on the selective hydrogenation of 
alkadienes where the first section reports on type of catalysts, the kinetics of 1,3- 
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butadiene and of 1,3-cyclooctadiene hydrogenation as these are the most impor> 
tant and best studied examples of selective alkadiene hydrogenations. The next 
section is devoted to the chemical engineering aspects of selective hydrogenation. 
Modeling of the interrelation between chemical reaction and mass transfer provi- 
des a tool for tailoring catalyst design. In the following section the mechanism of 
alkadiene hydrogenation is discussed. The final section deals with the partial hy- 
drogenation of benzene to cyclohexene, introduced as an industrial process in 
1990. 

The second part describes the factors, controlling the intramolecular selectivity 
of the hydrogenation of a,(3-unsaturated aldehydes, with special emphasis on the 
metal particle size and morphology of the supported metals, metal-support inter- 
actions and the influence of the nature of active sites in bimetallic catalysts. The 
next section deals with the reactions mechanism of the hydrogenation of a,(i-unsa- 
turated aldehydes exemplified for the hydrogenation of crotonaldehyde. In the last 
section the potential of silver and gold as catalysts for the hydrogenation of a,(3- 
unsaturated aldehydes is shown. Finally the last part of this chapter gives an over- 
view of industrial applications of selective hydrogenation of multiply unsaturated 
organic compounds. 



2. Selective Hydrogenation of Alkadienes towards Alkenes 

The pyrolysis of naphtha for the production of ethene, propene, butenes, 1,3- 
butadiene and aromatics is the key process in the modem petrochemical industry. 
Selective hydrogenations play an important role for the nearly complete removal 
of alkynic: compounds from the and cuts. For instance, for polymer grade 
ethene the ethyne content must be reduced from 1-2 % ethyne in the cut to a 
value of less than 1 ppm. More than 50 % of the ethyne is converted to ethene 
despite the very high ethene to ethyne ratio of > 10^ at the reactor outlet. Suppor- 
ted palladium catalysts are extremely effective for this reaction [1,2]. Another 
important application of hydrogenation is the removal of traces of 1,3-butadiene 
from the fraction by Pd/Al 203 catalysts following its extractive separation. 1,3- 
Butadiencj has now become a surplus product, and its selective hydrogenation, 
mainly to 1 -butene, is carried out on an industrial scale. Furthermore, the selective 
hydrogenation of 1,5-cyclooctadiene, obtained by cyclic dimerization of 1,3- 
butadiene, to cyclooctene on Pd/Al 203 and of benzene to cyclohexene on 
mthenium catalysts are of increasing importance. 



2.1 Catalysts for Selective Hydrogenation 

Of the Group VIII noble metals, palladium shows by far the highest selectivity 
with respect to alkenes in alkyne and (cyclo-)alkadiene hydrogenation. Because of 
the relatively high reaction rate and thus the strong influence of mass transfer 
processes on the selectivity catalysts of the egg-shell type with a very thin active 
layer of palladium on alumina are generally used. Additives are applied in order to 
suppress or reduce undesired side reactions such as the green oil formation in the 
selective hydrogenation of acetylene [3]. A detailed study on the morphology of 
Pd deposits on alumina has been carried out by Freund and co-workers [4]. Fig. 1 
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shows a STM image of Pd grown on Al 203 /NiAl (110) at 300 K. The particles 
adopt the form of small crystals limited by planes with a (1 1 1) orientation which is 
apparent from electron scattering diagrams. 




Fig 1. STM image of Pd grown on A\p^/NiA\ (1 10) at 300 K [4]. 



1,3-Butadiene is hydrogenated on supported Pd catalysts with a selectivity of 
100 %, whereas on supported Pt the hydrogenation under comparable conditions 
leads to a marked fraction of butane [5,6]. Therefore it is of interest to compare 
these catalysts in order to find the factors which are responsible for the excep- 
tionally high selectivity obtained when Pd catalysts are employed. The preference 
for TT-coordination of the intermediate alkene on Pd may favor its desorption, 
while the more strongly di-a-adsorption opens the chance of subsequent hydroge- 
nation. The isomerisation in the course of 1 -butene hydrogenation shows a much 
higher rate on Pd than on Pt catalysts [7,8]. Boitiaux et al., Augustine et al. [9] and 
Gault et al. [10] interpreted this phenomenon by the predominance of 7C-allyl spe- 
cies on Pd. 

The selectivity of alkadiene hydrogenation to alkenes is determined by the ratio 
of the rates of alkene desorption and the consecutive hydrogenation. We may 
assume that the differences in selectivity on Pd and on Pt depend on different rates 
of desorption due to specific modes of adsorption. The hypothesis that the rate of 
alkene desorption determines the selectivity finds support by the strong increase of 
alkene selectivity as the temperature is raised [11] for the hydrogenation of 1,3- 
butadiene on Pt, as shown in Fig. 2. The same dependence was found for the 
hydrogenation of ethyne [12]. 

However, it should also be considered that the rate of hydrogenation depends 
on the mode of adsorption and on the availability of activated hydrogen, as discus- 
sed by Bates et al. [13]. It is well known that Pd and Pt show marked differences 
in the adsorption and particularly in absorption of hydrogen. Finally, it should be 
noted that the formation of carbonaceous species on the metal surface strongly 
impedes the clear interpretation of experimental results. The conclusion drawn 
from this comparison is that there may be some starting points to find an expla- 
nation for the outstanding properties of palladium. However, the development of a 
sound theory of selective hydrogenation still remains a difficult task. 
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Fig. 2. Temperature dependence of selectivity in 1,3-butadiene hydrogenation over 
palladium and platinum (adapted from Ref. [11]). 



2.2 Kinetics of 1^-Butadiene and 1,3-Cyclooctadiene Hydrogenation 

The selectivity patterns for the hydrogenation of 1,3-butadiene over supported 
group VIII noble metals [13] demonstrate that Pd plays an outstanding role by 
providing 100% selectivity to butenes. Also the hydrogenation of 1,3-cycloocta- 
diene (COD) on palladium exhibits a 100 % selectivity to cyclooctene (COE). 
Figure 3 shows the development of concentrations in a batch experiment applying 




Fig. 3. Concentrations as a function of reaction time in the liquid phase hydrogenation of 
COD [14]; reaction volume 100 ml. 
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palladium black suspended in a solution of the Cg compound in an inert alkane 
[14]. The consecutive hydrogenation to cyclooctane (CO A) does not start until the 
diene has been hydrogenated down to trace quantities. The determination of the 
lowest concentration of alkadiene that still inhibits alkene hydrogenation is, 
however, a very difficult task because the ratio of hydrogen and diene has to be 
controlled with extremely high precision in order to prevent mass transfer effects 
which inevitably would lead to a reduction of selectivity. 



C4H 



6ad 



Scheme 1 
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C4H 



8ad 
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Alkenes formed by hydrogenation may either undergo desorption or subsequent 
hydrogenation (Scheme 1). Since in 1,3-butadiene and 1,3-cyclooctadiene hydro- 
genation 100 % selectivity with respect to the (cyclo)-alkene is achieved, the ratio 
of kjk^ is very high. 1,3-Butadiene and 1,3-cyclooctadiene are much more 
strongly adsorbed than the (cyclo)alkenes. The stronger adsorption of the alka- 
diene relative to the alkene suggests that both double bonds interact with the 
surface. Marked differences in the free energies of adsorption of alkadienes or 
alkynes and alkenes will result in a very high surface coverage of the more 
strongly adsorbed hydrocarbon, so that the intermediate alkene is hindered from 
readsorption by the more strongly bound alkadiene. In the absence of alkadiene, 
however, the alkenes are hydrogenated over Pd with similar reaction rates [11]. 

The kinetics of hydrogenation of both 1,3-butadiene and 1,3-cycloocatdiene 
show reaction orders higher than unity in hydrogen and slightly negative orders 
with respect to the (cyclo)alkadiene. Bond et al. [6] presented the following rate 
law for the hydrogenation of 1,3-butadiene on Pd/Al 203 : 

Tj = ^ Phj ^ Pc^h^ (1) 

A reaction order of > 1 in hydrogen, and an order < 1 in butadiene are 
demonstrated in Fig. 4 and Fig. 5 by plots of reaction rates versus partial pressures 
hydrogen and butadiene respectively. Fig. 5 shows that with increasing butadiene 
pressure, the reaction order of the diene approaches zero. A literature survey 

makes it obvious that the combination of reaction orders in hydrogen > 1 and 

the alkadiene < 0 have been found frequently. This is the case for the 

hydrogenation of butadiene over Pt and Pd [11], ethyne over Pt [11,15] and even 
ethene over Pt [16]. However, reaction orders of unity in hydrogen and of zero 
with respect to the alkadiene are observed frequently [17]. 
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Fig. 4. Reaction rate of butadiene conversion and formation of butane versus partial 
pressure of hydrogen. 



A detailed kinetic study [18] on the hydrogenation of 1,3-cyclooctadiene 
(COD) had led to a relatively simple interpretation of reaction orders in alkadiene 
hydrogenation. With increasing 1,3-cyclooctadiene partial pressure the reaction 
order in hydrogen approaches unity and that in 1,3-cyclooctadiene (COD) zero; 




Fig. 5. Reaction rate of butadiene conversion and formation of butane versus partial 
pressure of butadiene. 






Selective Hydrogenation of Multiple Unsaturated Compounds 



93 



values which have been frequently reported. The first term of the following kinetic 
equation represents this limiting case: 






— ^\P H2PCOD ^ 1 ^ 



Ph. 

^ ~^PcOD 



( 2 ) 



It is assumed that chemisorption of hydrogen or its dissociation are the rate 
determining steps. Strong support for this assumption is that in the reaction of 1,3- 
butadiene with mixtures of hydrogen and deuterium the hydrogen exchange 

2HD is virtually inhibited by the presence of 1,3-butadiene [13], and 

hence the surface coverage of hydrogen atoms must be very low. This means that 
activated hydrogen is immediately consumed by hydrogenation. As could be 
shown by sorption studies there is a full surface coverage with 1,3-butadiene. 
However, the gaps between chemisorbed cycloalkadiene molecules may be large 
enough for hydrogen to be adsorbed. This view suggests that there is no direct 
competition between the cycloalkadiene and hydrogen for chemisorption, as 
already assumed by Phillipson et al. [19]. 

The second term of eq. 2 accounts for additional activation of hydrogen in the 
course of reaction events. In the time interval between cycloalkene desorption and 
(cyclo)alkadiene chemisorption hydrogen gains an additional chance of access to 
the surface. This can be understood as a perforation of the adsorption layer caused 
by the reaction itself and thus counteracting the hindrance of hydrogen access. 
This term is consequently assumed to be proportional to the reaction rate. The 
ratio Pj^^ /Pdiene expresses the competition between H 2 and COD for 
chemisorption in the interval between COE desorption and COD chemisorption. 
Equation 2 solved for rj. 



k,xp 



\-k'- 



Phj 



Pdiene 



(3) 



represents the dependence of the reaction rate of diene hydrogenation of both the 
partial pressures of hydrogen and diene in agreement with experimental data. The 
dependence of the rate of diene conversion on both Pj^^ and is shown in 
Fig. 6. At high diene concentration and low hydrogen concentration the limiting 
cases, reaction order zero in diene and first order in hydrogen are demonstrated. 
The combination of non-competitive and partly competitive adsorption of 
hydrogen and the unsaturated hydrocarbon is also discussed by Dumesic et al. for 
the hydrogenation of ethylene on Pt [20]. 

Another explanation of a reaction order > 1 in hydrogen has been given by 
Vannice [21] with the assumption that the surface may be partly blocked by 
dehydrogenated species. This blocking effect decreases as the hydrogen pressure 
is raised. The increasing number of sites capable for hydrogen activation and a 
first order in hydrogen of this activation results in a formal order > 1. The negative 
reaction order in alkadiene may be generally interpreted by a slight increase of the 
density of alkadiene coverage as the partial pressure is raised. 
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Fig. 6. Dependence of COD hydrogenation rates on COD partial pressure at different 
hydrogen pressures [ 18 ]. 



In the presence of 1.3-butadiene and also 1.3-cyclooctadiene the hydrogenation 
of primarily formed butenes and cyclooctene, respectively, is completely sup- 
pressed. Even though this observation is due to a much stronger adsorption of the 
dienes when compared to that of the (cyclo)alkenes, the so-called thermodynamic 
factor, this effect cannot be explained by a simple displacement of the (cyclo)- 
alkene in the course of an equilibration. Sorption studies for 1,3-butadiene and 1- 
butene on highly dispersed Pd black have revealed that 1.3 -butadiene reaches 
saturation at an adsorption stoichiometry of one butadiene molecule to four Pd 
surface atoms, while the saturation with respect to 1 -butene is reached already at a 
ratio of one butene molecule to five Pd surface atoms. If Pd with maximum 
butadiene coverage is exposed to 1 -butene, no exchange of butadiene by butene is 
observed as expected. The opposite experiment, i.e. exposing a butene-saturated 
Pd surface to butadiene, leads to the displacement of butene. However, it takes 5- 
6 h to complete this exchange. Whereas the selective butadiene hydrogenation, 
including desorption of 1 -butene, shows a turn over frequency (TOP) of about 1 s' 
\ the TOP of butene displacement is smaller than 10 ^ s \ This slow exchange 
shows that desorption of butene formed during hydrogenation cannot be 
understood by simple displacement. This discrepancy is not surprising if the 
energetic aspect of the reaction is considered. The reaction enthalpy of selective 
butadiene hydrogenation is AH = -124kJ mol \ At the moment of the reaction this 
enthalpy is concentrated on the butene molecule just formed. The corresponding 
adiabatic temperature increase is roughly 900K!. Dissipation of this energy can 
occur by collision with neighboring molecules and also via the chemisorption 
bonds to the Pd lattice. Then, vibrations perpendicular to the surface are activated 
so that the desorption of butene molecules just formed is favored. An analogy is 
the chemical activation of s-butyl radicals which are formed during gas phase 
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hydrogenation of cis-2-butene. In addition to the energy loss by collision, 
chemical activation can even cause the rupture of a C-C bond [22]. Further 
support of the hypothesis of desorption by chemical activation is the desorption of 
adsorbed molecules caused by exposition to the radiation of UV or IR lasers 
[23,24]. 



2.3 Role of Mass Transfer in Selective Hydrogenation 

In his famous article "Relation between Catalytic Activity and size of Particle" 
Thiele [25] noted that in the case of consecutive reactions the selectivity towards 
the intermediate may strongly decrease with an increasing dimensionless number, 
later known as the Thiele modulus. Twenty years later, Wheeler [26] derived 
equations which describe the selectivity of the intermediate B in the consecutive 
reaction A ^B->C as a function of reactivity, diffusivity and of pellet size. 



2,3.1 Gas Phase Hydrogenation 

Even if catalysts of the egg-shell type with a very thin (< 20 pm) active layer of 
palladium on alumina are used for selective hydrogenations, mass transfer in the 
pores of this layer can strongly influence the selectivity because of the high 
reaction rate observed in hydrogenation. A comprehensive study on the role of 
mass transfer in selective hydrogenation has been carried out for the gas phase 
hydrogenation of cyclooctadiene [27-29]: 

1,3-cyclooctadiene — - — >cyclooctene — - — > cyclooctane (4) 

COD COE COA 

The intrinsic reaction rate rj is approximately first order with respect to 
hydrogen and independent of the partial pressures of COD and COE: 



Tj ~ A:j X Cfj • C, 



COD 



(5) 



The intrinsic reaction rate is represented by a Langmuir-Hinshelwood rate 
expression: 



^2 = 



^2 ^ ^COE ^ PcOE 



^ ^COE ^ PcOE ^COD ^ PcOD 



-xC 



H, 



( 6 ) 



These reaction rates are related to the volume of the palladium-containing 
layer. The ratio of the adsorption constants is > 10^ so that in the 

presence of COD the reaction rate x^ is almost zero. Ilie concentrations of the 
components in the pores of the active layer are calculated from the mass balance. 
Since the diffusion coefficient of hydrogen is about ten times larger than that of 
the Cg components, a nearly constant concentration of hydrogen in the active layer 
is assumed. Thus for the calculations the hydrogen concentration of the gas phase 
is substituted. With these simplifications the system is described only by the mass 
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balance equation of COD and the corresponding boundary conditions where the 
coordinate along the active pores is x, with x = 0 at the outer rim and x = L at the 
inner rim: 



^ ^COD ^ ^COD.s ) _ ^ 2 



d{x! lY 



(7) 



with the Thiele modulus 



(p =Lx^ 



K 



X- 






^eff ^COD.s 



( 8 ) 



The boundary conditions are: 



(i) 

(ii) 



-COD 



-COD.S 



= 1 



(9) 



JxlL=0 



The gradient of c^^p at x = 0 is obtained from the steady state condition that 
the flow of COD into the active layer is equal to the amount of converted 
COD: 
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eff 
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dx 
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^ ^ipCOD ^ ^COD.s ) 
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( 10 ) 
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J 



'x/L=0 



X’ 2 

= X(p 

L 



( 11 ) 



where x’/L is the position in the active layer where c^qd = 0. Therefore, the 
active layer is covered by COD in the range 0 < x/L < x’/L. Integration leads to 



£co^ = \-L^(p^+-(p 



'COD.S 



L L 



1 2 
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2 



^xY 



( 12 ) 






and hence 
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In Fig. 7 calculated concentration profiles along the active pores are shown. 
The apparent reaction rates which are related to the mass of the catalyst are given 
by 



COD COE : 
COE CO A : 






* 




LVpPp * RT 





Vp, 1 


L) 


Vp pp 



^coePcoe Ph2 

RT + RT 



( 14 ) 

( 15 ) 



Vp^A^p is the volume of the Pd-containing layer related to the volume of the 
pellet, (pp is the density of the pellet). 




Fig. 7. Dimensionless concentration profiles across the active shell for different hydrogen 
pressure [ 18 ]. 



Hydrogenation of COE is only possible by readsorption of COE on that fraction 
of the active layer which is not covered by COD, i.e. the fraction (1 - x’/L), thus 
COD and COE hydrogenation takes place in different zones of the active layer. 
These are indicated in Fig. 7. 

Two cases can be distinguished as shown in Fig. 7. 

( i ) -^>0 at - = 1 , ( p ^<2 ( 16 ) 

^COD.s ^ 
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The palladium-containing layer is completely covered by COD (x’/L=l). 
Therefore the apparent reaction rates are 



* Vp Pp ' RT 

r; =0 

corresponding to 100 % selectivity with respect to COE. 
(ii) = 0at0< — <1, (p^>2 

^COD.s ^ 



(17) 



(18) 



The active layer is only covered by COD in the range 0 < x/L < x’/L. The 
apparent reaction rates are 





^Pcod.sPh2 



^ Pd 1 1 — — k ^COE'PcOE Pffi 

V, p A LP RT + K^oe 'Pcoe RT 



(19) 



with x’ / Z = V 2 / (p . 

The calculated apparent reaction rates are shown in Fig. 8 as a function of the 
hydrogen pressure. The onset point of consecutive COE hydrogenation 
corresponds to the condition cp^ = 2 (c^od = 0 at x = L) and divides the diagram into 
two parts. The left part is characterized by cp^ < 2 and 100 % COE selectivity and 
the right by cp^ > 2 and reduced COE selectivity. This model was validated by 
experiments in which all parameters were varied, namely L, (via Pd loading), 
(via the dependence on the total pressure) and finally p^oo s Pm 
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Fig. 8. Dependence of the apparent reaction rates for COD and COE hydrogenation on 
partial pressure [18]. 



The condition (p^ = (l/L^)(D^f/k,)(p„//7coD.s) - ^ ^ selectivity is the key 

for the successful design of an egg-shell catalyst. For complete COD conversion 
the ratio /Pcoos be chosen such that a minimal excess of hydrogen is 
guaranteed. All other parameters can be adjusted by appropriate preparation of the 
catalyst. For example, is approximately proportional to the Pd content of the 
active layer. Even can be adjusted to a certain extent by the total pressure and 
the pore diameter, so that mass transfer is less determined by Knudsen diffusion. 
The limiting case is very sensitive to the thickness of the active layer L. Therefore, 
a highly selective catalyst must have a uniform thickness of the Pd covered layer. 
If Pd is deposited in deeper regions of the pellet, for example in narrow fissures, 
then mass transfer limitation resulting in cycloalkene hydrogenation occurs for a 
small fraction of Pd at much lower p^ : ^ ratio than for the main part of the 

catalyst. It is a difficult task to avoid such uneven patches in the active layer. The 
development of catalysts providing a very high selectivity depends strongly on 
improved preparative methods for such ideal egg-shell catalysts [31-34]. 

If the thickness of the active layer L is obtained by microscopy the experiment 

^ = f (ph, ) at constant p^^^ ^ ~ p^^Q^ can serve as appropriate method for the 

determination of on the basis of the condition for the onset point of 
consecutive COE hydrogenation. 
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is the hydrogen pressure at the onset point and kj is obtained from the plot 
r:=f(pH^ in the range (p^ <2 . 



2.3.2 Liquid Phase Hydrogenation 

This section follows a study of Wuchter [35] on the liquid phase hydrogenation 
of COD. The liquid phase hydrogenation differs from the gas phase hydrogenation 
first of all by a lower effective diffusivity in the liquid filled pores of the catalyst. 
With regard to the hydrocarbon the low diffusivity is usually compensated by a 
much higher concentration and consequently higher gradients of concentration. 
However, the Thiele modulus with regard to hydrogen is much higher in the case 
of liquid phase hydrogenation because of the low diffusivity in the liquid filled 
pores. The drastic fall of the hydrogen concentration towards the pellet center in 
this case favors the selectivity towards the intermediate products. Usually the 
concentration of hydrogen in the liquid phase is of the same order of magnitude as 
in the case of gas phase hydrogenation. Such concentrations correspond to a 
hydrogen pressure < 5 bar. For the intrinsic reaction rate rj we can use the 
same expression as for the hydrogen gas phase is assumed approximately first 
order with respect to hydrogen and independent of the partial pressures of 
cyclooctadiene and cyclooctene. 



Vi — k • 



( 21 ) 



In contrast to the gas phase hydrogenation also the mass balance equation of 
hydrogen must be taken into account, so that the liquid phase hydrogenation is 
represented by the following set of mass balance equations and the corresponding 
boundary conditions. 
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The boundary condition for hydrogen at x= x’ is based on the simplification 
that the consumption of hydrogen by hydrogenation of cyclooctene in the back 
part of the active layer x’< x < L is negligible. Otherwise the evaluation of x’ 
where C^opCx’) = 0 needs a rather complicated iteration. Since the rate of 
cyclooctene hydrogenation is markedly lower than the rate of diene hydrogenation 
and reaction states of a relatively high rate of cyclooctene formation are not of 
interest this simplification is justified particularly because it renders possible an 
algebraic solution. 



The solutions are: 




with Ccod(x’) = 0 follows 




The calculation of the effective reaction rate, taking into account the influence 
of mass transfer liquid phase outer surface of the catalyst pellet, and finally the 
numerical integration of the material balance of a batch experiment 



j 



^^COD 

^A,COD 






(29) 



gives the concentration of COD, and approximately also that of COE as a 
function of time. The parameter of the model kj and are obtained by fitting 

the model to experimental data. Fig. 9a shows the concentration curves of COD 
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and COE for a batch experiment at constant hydrogen pressure. Fig. 9b gives the 
interesting detail of the calculated curve. 




Fig. 9a. Formation of cyclooctene and cyclooctane or conversion of cyclooctadiene versus 
reaction time at constant partial pressure of hydrogen (5 bar). 
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Fig. 9b. Formation of cyclooctene and cyclooctane or conversion of cyclooctadiene versus 
reaction time at constant partial pressure of hydrogen (5 bar): experimental data (symbols) 
and calculated (line). 
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The estimated reaction rate constant kj ~ 90 s ‘ is of the same order of magnitude 
as the rate constant kj ^ ~ 200 s * determined for the gas phase hydrogenation. 
Therefore the conclusion is drawn, that in both cases, liquid phase and gas phase 
hydrogenation, the access of hydrogen through the dense adsorption layer to the 
catalyst surface and the subsequent dissociation can be regarded as the rate 
determining step of the reaction. 



2.4 Mechanisms of Alkadiene Hydrogenation 

Complex mechanistic schemes have been derived from studies of the hydroge- 
nation and experiments in the presence of deuterium of several alkadienes like 
propadiene (diene with cumulated double bonds), 1,2-butadiene, 1,3-butadiene 
and some higher adjacent and conjugated dienes. Alkadiene hydrogenation me- 
chanism and, thus, selectivity mainly depends on the nature of the individual 
metal. Exemplifying by 1,3-butadiene hydrogenation, all three isomeric n-butenes 
are observed as initial reaction products, and, in general, 1 -butene is the major 
product. However, l-butene/2-butene ratio and the relative yields of trans- and cis- 
2-butene vary widely with the kind of metal and the extent of hydrogenation. On 
palladium the trans : cis ratio of the 2-butenes is larger than 10 [6,36,37]. A high 
trans : cis ratio is also obtained for Pd catalysts in industrial processes [31,32]. 1- 
Butene is formed via 1,2-addition, and 2-butenes are formed via 1,4-addition of 
hydrogen to adsorbed 1,3-butadiene. Meyer and Burwell [36] proposed a 
mechanism in which semihydrogenated 1,3-butadiene can be adsorbed as syn- 1 or 
anti-n-d\\y\ 2 species. 



H2C^ CH3 

C-C 

2 

The ratio of the two conformations of adsorbed 1,3-butadiene should be similar 
to the proportion of syn- and antM ,3-butadiene in the gas phase, which is about 
1: 10 [6,19,38]. It is supposed that in the case of butadiene hydrogenation on Pd 
the semihydrogenated intermediates of 1,3-butadiene do not readily interconvert 
so that a high proportion of tra«5-2-butene results. This hypothesis of 7i-allylic 
intermediates in 1,3-diene hydrogenation has been recently confirmed by G. C. 
Bond [39] who interpreted by the same token consistently the selectivity pattern of 
isopren hydrogenation. However at reduced butadiene pressure the ratio of 
obtained trans- and cw-2-butene approaches the thermodynamic equilibrium of 
trans/ch-x 2 i\io of 2.4, even though the consecutive hydrogenation to butane and 
isomerisation of 1 -butene is suppressed. Obviously the anti 7i-allyl 2 species is 
stabilized when the surface is densely covered with butadiene at relatively ele- 
vated partial pressure of butadiene. This stabilized anti 7t-allyl species is hydro- 
genated towards trans-2-butene but not isomerized via the ^yn-species and 
hydrogenated to c/^-2-butene. In the case of butene isomerisation the density of 
the adsorption layer of butene is lower than in the case of butadiene so that the 
mutual transformation of anti- and syn-n-di\\y\ species is possible. 

These experimental results and discussion of 1,3-butadiene hydrogenation 
suggest also the isomerisation of butenes via 7i-allylic intermediates. Support for 



H2C_ h 
C-C 



H 



CH3 




104 



S. Schimpf, J. Gaube, P. Claus 



this mechanism comes from the analysis of the position of deuterium in deuterated 
butenes by combined mass spectrometry and microwave spectroscopy [40]. 

Cofeeding of carbon monoxide causes a drastic decrease of both the rate of 
hydrogenation and of isomerisation. Carbon monoxide competes with hydrogen 
for sites on the surface of the catalyst so that the activation of hydrogen is 
hindered. Therefore, in the case of CO addition a given rate of hydrogenation is 
reached at a much higher hydrogen pressure than in the reference experiment 
without CO addition. At the same rate of hydrogenation also the same rate of 
isomerisation is observed as shown in Fig. 10a and Fig. 10b. Obviously both 
hydrogenation and dehydrogenation steps depend well defined on the coverage 
with hydrogen so that isomerisation and hydrogenation are strictly interrelated 
[38]. 




Fig. 10a. Comparison of the rates of isomerisation versus partial pressure of hydrogen at 
constant partial pressures of 1 -butene at 250, 500, 1000 and 2000 Pa with and without 0,2 
Pa carbon monoxide [38]. 
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Fig. 10b. Comparison of the rates of hydrogenation versus partial pressure of hydrogen at 
constant partial pressures of 1 -butene at 250, 500, 1000 and 2000 Pa with and without 0,2 
Pa carbon monoxide. 



Note, that in the field of surface science recent studies with simple alkenes 
show how the reaction conditions (high pressures up to a few hundred mbar) 
and/or high-temperatures can influence the internal and surface structure of the 
metal (called adsorbate-induced restructuring) and how the adsorbate structure and 
adsorption site distribution of CO and hydrocarbons on metal aggregates depends 
on pressure. For example, Somorjai and co-worker have applied the infrared- 
visible sum frequency generation (SFG) to ethylene hydrogenation on Pt (111) in 
order to monitor the surface vibrational spectrum in-situ under usual reaction 
conditions of 1 bar and 295 K [41]. With this new method they could correlate 
kinetic measurements with surface adsorbate concentrations. All surface species 
discussed in alkene hydrogenation studies [42] as Ti-bonded ethylene, di-a-bonded 
ethylene, ethyl and also ethylidyne were observed. In accordance with the former 
study of Beebe et al. [43,44] it could be shown that the spectator species 
ethylidyne is completely uncorrelated with the rate of hydrogenation. Also the di- 
a-bonded ethylene is uncorrelated with the hydrogenation. Therefore the conclu- 
sion has been drawn that Ti-bonded ethylene is directly hydrogenated to ethane. 

However, nowadays, in-situ studies using SFG, high-pressure scanning electron 
microscopes, environmental high-resolution transmission electron microscopy are 
among the most promising tools to bridge the gap between fundamental surface 
science studies and real world catalysis. 

In this context, theoretical studies of van Santen and co-workers [45] on the 
hydrogenation of ethylene on Pd (111) have revealed using first-principle density 
functional calculations (DFT) that under high ethylene coverage the hydrogena- 
tion occurs via 7C-bonded ethylene. From this fundamental study the general con- 
clusion can be withdrawn that weakening the metal-adsorbate bond strength will 
lower the intrinsic activation energy for hydrogenation reactions and surface 
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coverage effects are important in reaction path analysis. Caution must be exercised 
in determining catalytic reaction pathways based on information collected for the 
most stable adsorption species alone so diat the less stable surface species may in 
fact be the kinetically significant reaction intermediate. 



2.5 Partial Hydrogenation of Benzene to Cyclohexene 

Benzene is hydrogenated to cyclohexane on an industrial scale. In most processes, 
platinum catalysts are employed. Minor amounts of cyclohexene are obtained, if 
the degree of benzene conversion is kept below 1 %. In 1963, Hartog and 
Zwietering [46] investigated the liquid phase hydrogenation of benzene and found 
that ruthenium is the only catalyst of Group VIII metals on which at least a small 
yield of cyclohexene of about 0.1% at 20 % benzene conversion was obtained. 
The cyclohexene selectivity could be markedly increased when an alcohol, such as 
methanol or butanol, was added to the liquid benzene [47,48]. However, the most 
important step to an improved selectivity was to carry out the hydrogenation in an 
agitated two-liquid-phase system. The two phases are benzene/cyclohexene and 
water, to which salts of transition metals are added [49]. On this basis several 
companies developed processes for the production of cyclohexene from benzene 
[50-59]. At present, the best result is a cyclohexene selectivity of 70 % at a degree 
of benzene conversion of 85 % [60]. 

A tremendous number of catalysts were tested. It turned out that supported 
ruthenium catalysts are best suited. These catalysts are usually prepared by 
impregnation of the carrier by an aqueous ruthenium chloride solution. Oxides of 
lanthanides such as La 203 were found to be particularly suited [53,59]. A special 
type of supported ruthenium catalyst is prepared by mixing a dissolved ruthenium 
chloride-alcohol complex and tetrahydroxysilane or aluminium tri-5^-butoxide (sol- 
gel process). Very small ruthenium crystallites with a diameter below 2nm are 
obtained. The exceptional feature of this catalyst is that addition of salts to the 
aqueous phase is not necessary [61-63]. The other supported catalysts are promo- 
ted by salts of transition metals such as Ni, Fe, Co and Zn which are directly 
added by impregnation or coprecipitation or added to the aqueous phase 
[49,53,55,57,58,64]. 

In order to reach reasonable selectivities to cyclohexene, the catalyst particles 
must be suspended in the aqueous phase [65,66]. Hydrogen and benzene are 
dispersed as bubbles and droplets. The solubility of benzene in water is about 
eight times higher than that of cyclohexene. Therefore, it is assumed that water en- 
hances the removal of cyclohexene from the catalyst surface [63,67]. Furthermore, 
the access of hydrogen to the catalyst particles is moderated because of the low 
solubility of hydrogen in water. The diffusion of hydrogen through the adherent 
water layer of the particles is regarded as the rate determining step [66]. Access of 
benzene and a fast removal of cyclohexene from the catalyst surface are 
determined by the specific structure of the hydrogen bond network in the adherent 
layer. It is assumed that this structure depends on the cations which are adsorbed 
on the surface and, hence, make the ruthenium particles more hydrophilic 
[64,66,12]. A particular effect was found by Nagahara and Konishi [54], who 
performed the hydrogenation in a system containing supported ruthenium particles 
suspended in an aqueous salt solution to which fine particles of oxides, such as 
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oxides of Zr, Ti, Nb and Ta, were added. Cyclohexene yields of about 60 % were 
achieved at benzene conversions of 80-90% [54,68]. 

To date, kinetic studies are scarce because of the complexity of the multiphase 
reaction. In the work by Struijk et al. [66], a reaction order of unity with respect to 
hydrogen has been determined. This result is in accordance with the assumption 
that the diffusion of hydrogen through the adherent water layer of particles is the 
rate determining step. 

The question as to whether benzene is converted following a stepwise Horiuti- 
Polanyi mechanism [69] or whether there exists also a direct route from benzene 
to cyclohexane [65,70] is controversially discussed. Recently, it was shown for the 
system Ru/La 203 suspended in an aqueous ZnCl 2 solution that the selectivity to 
cyclohexene approaches unity with decreasing degree of benzene conversion, so 
that a direct route from benzene to cyclohexane can be excluded [71]. 

The first and until now the only plant for partial hydrogenation of benzene to 
cyclohexene (60 000 1 a was constructed by Asahi Chemical Industry Co., Japan, 
in 1990. In this process, benzene is converted into cyclohexene using a ruthenium- 
zinc catalyst. The aqueous phase contains salts and oxides as additives. The partial 
hydrogenation of benzene is carried out at 420-450 K and 5-7MPa in an agitated 
reactor or in a series of agitated reactors [72]. The reactor contains a thoroughly 
dispersed organic/aqueous/catalyst mixture through which hydrogen is blown. In 
order to separate the multiphase reactor liquid into an organic phase and a water 
phase a stationary zone inside the reactor is provided, or the separation occurs in a 
decanter. 

Some research work has been undertaken in order to substitute the four phase 
procedure (gas, aqueous liquid, non aqueous liquid, solid catalyst) by a more 
simple one. For example, Dobert [71] and Gescheidle [73] could show that the 
presence of a non aqueous phase is not crucial to reach a high selectivity. Gaseous 
benzene is blown through an aqueous suspension of the catalyst, e.g. ruthenium 
supported on La 203 . The gaseous product flow leaving the reactor contains cyclo- 
hexene, cyclohexane and non converted benzene. It is not necessary to separate 
the catalyst unless the deactivated catalyst has to be removed and replaced by 
fresh one. A series of tank reactors can be easily arranged in order to realize a high 
degree of benzene conversion and to approach the performance of a tubular reac- 
tor that is characterized by the highest selectivity with respect to the desired inter- 
mediate product cyclohexene. 

The most simple procedure would be the selective gas phase hydrogenation of 
benzene. Unfortunately selectivities obtained with this procedure are very low. On 
coated Ru with methanol as modifier selectivities up to 45 % at conversion 
degrees of 5 %, i.e. a yield of 2.3 %, and on a Ru/Si02 sol-gel catalyst with water 
as modifier selectivities up to 10 % at a conversion degree of 30 %, i.e. a yield of 
3% are observed [74]. Obviously an adsorption layer of the modifier is not 
sufficient to effect a high selectivity of cyclohexene. 



3. Selective Hydrogenation of a,P-unsaturated Aldehydes 

The selective hydrogenation of organic substrates containing various unsaturated 
functional groups is an important step in the industrial preparation of fine 
chemicals and has been attracting much interest for fundamental research in 
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catalysis. For example, ally lie alcohols obtained by preferred hydrogenation of the 
C=0 group of a,p-unsaturated aldehydes are valuable intermediates for the pro- 
duction of perfumes, flavoring and pharmaceuticals [75]. The general scheme of 
the reaction network for this reaction is shown in Fig. 11. 
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Fig. 11. Scheme of the reaction network of the hydrogenation of a,p-unsaturated aldehydes 
[ 76 ]. 



In the presence of most of the conventional group VIII metal hydrogenation 
catalysts, a,P-unsaturated aldehydes are hydrogenated predominantly to saturated 
aldehydes by reduction of the C=C group or to saturated alcohols as this reaction 
is thermodynamically preferred. Therefore, it is necessary to find catalysts which 
will preferentially activate and thus control the intramolecular selectivity by 
hydrogenating the C=0 group while keeping the olefinic double bond intact (Fig. 
11, reaction 1 vs. 2). Besides the preferentially hydrogenation of the C=0 group, 
the catalyst has to suppress additionally consecutive reactions. The consecutive 
hydrogenations in this case, are the hydrogenations to the saturated alcohol 
(reactions 3 and 4) and the isomerisation of the allylic alcohol (reaction 5). Note, 
that all pathways of Fig. 1 1 are thermodynamically possible, however, the hydro- 
genation of the C=C group in a,p-unsaturated aldehydes is more favorable than 
the hydrogenation of their C=0 group [77]. Thus, selectivity to unsaturated 
alcohol must be controlled by changes in the rate constants of both competitive 
reactions and in the adsorption constants of the components. 

It must be noted here, that the hydrogenation of a,p-unsaturated aldehydes is 
strongly influenced by steric effects of substituents at the conjugated double 
bond [78-80]. The selectivity to allylic alcohols can be increased with an 
increasing substitution (R) of the terminal carbon atom of the C=C group, e.g. in 
the order acrolein, crotonaldehyde and cinnamaldehyde (R = H, CH 3 , 
respectively). Fig. 12 gives an comparison between acrolein and crotonaldehyde 
hydrogenation over Rh-Sn/Si 02 catalysts [81]. While the turnover frequency for 
the formation of the saturated aldehyde increased from 0.53 to 0.69 s ' by 
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substituting the methyl group by a hydrogen atom, a strong decrease of the 
turnover frequency for the formation of the unsaturated alcohol from 1.47 to 0.29 
s ' was found [81]. 




cron4- n buu - croton- prupiuiv acrolein 

alcohol ilticluLk aldehyde alcohol aldell^dt (R = H) 
(R = CHj) 



Fig. 12. Turnover frequencies and selectivities to allylic alcohols and saturated aldehydes 
of the gas phase hydrogenation of crotonaldehyde and acrolein over a bimetallic Rh- 
Sn/SiOj catalyst (T = 413 K, = 2 MPa, H/CA = 20, W/F®^ = 9.87 g h mol '). 



Several attempts have been made to develop suitable catalytic systems for the 
selective hydrogenation of a,p-unsaturated aldehydes to unsaturated (allylic) 
alcohols. Because of the strong influence of a substituent at the C=C group on the 
intramolecular selectivity, lower a,(3-unsaturated aldehydes as acrolein and 
crotonaldehyde are much more difficult to hydrogenate selectively to the 
corresponding unsaturated alcohols than citral and cinnamaldehyde. Therefore, 
after compiling the factors that influence the C=0 vs. C=C group hydrogenation 
(Fig. 13), the next chapter will be mainly focussed on the most important 
approaches to increase the selectivity of the C3 and C4 allylic alcohols. 
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Factors controlling the intramolecular 
selectivity of the hydrogenation of a,p- 
unsaturated aldehydes 
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double bond 
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Fig. 13. Overview of the factors controlling the intramolecular selectivity of the 
hydrogenation of a,p-unsaturated aldehydes. 



3.1 Metal Particle Size and Morphology 

The influence of steric constraints on the metal surface, i.e. of particle-size effects 
on selectivity has been paid less attention and gave, in the case of aliphatic a,p- 
unsaturated aldehydes, controversial results. Nitta et al. reported that Co/Si02 
prepared by a precipitation method from cobalt chloride exhibit high selectivity to 
unsaturated alcohols which increases with increasing mean size of cobalt 
crystallites [84-86]. The residual chloride in the catalyst precursor was concluded 
to be responsible for the homogeneous crystallite distribution during reduction in 
hydrogen. Studies on competitive adsorption between the products of the first 
hydrogenation step showed a lower adsorption constant on larger cobalt particles 
for the unsaturated alcohol than for the saturated aldehyde [85]. In liquid phase 
hydrogenations of higher a,p-unsaturated aldehydes over Pt, Rh and Ru catalysts, 
selectivity to the unsaturated alcohol is generally increased with increasing metal 
particle size [87-89]. On large metal particles, Gallezot et al. claimed that the 
adsorption of the C=C group of cinnamaldehyde is hindered by a steric repulsion 
between the metal surface and the aromatic ring thus favoring hydrogenation of 
the C=0 group [87,89,90]. In contrast, the hydrogenation of citral into unsaturated 
alcohols (E- and Z-isomers geraniol and nerol, respectively) over ruthenium 
catalysts was independent on the Ru particle size [91,92]. 

However, data for particle-size effects in gas phase hydrogenations of lower 
a,P-unsaturated aldehydes such as acrolein and crotonaldehyde are scarce. Coq et 
al. reported that the selectivity towards allyl alcohol in acrolein hydrogenation 
over Ru catalysts (at conversions < 1 %) is not structure-sensitive [93]. On the 
other hand, a marked increase of selectivity towards the unsaturated alcohol with 
increasing platinum particle size has been observed by Lercher et al. studying the 
hydrogenation of crotonaldehyde over Pt/Si02 catalysts [94]. The high fraction of 
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Pt(lll) surfaces was concluded to favor the adsorption of the a,p-unsaturated 
aldehyde via the C=0 group. By using a partially reducible support like Ti02 
instead of silica and combining cycles of high-temperature reduction (at 777 K), 
oxidation (at 673 K) and a second reduction step (at 473 K) higher selectivities up 
to 64 % were observed (see also Chapter 3.2.) [94]. Recently, it has been shown 
by extended Huckel calculations [95] and experimental studies on hydrogenation 
of 3-methylcrotonaldehyde (prenal) at 353 K over well-defined surfaces, Pt (111) 
and Pt(llO), that the adsorption mode of a,P-unsaturated aldehydes depends 
strongly on the exposed crystal face (Fig. 14) [96-98]. 
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Fig. 14. Selectivity to allylic alcohol, saturated alcohol, saturated aldehyde and other pro- 
ducts on different Pt single crystal surfaces in the hydrogenation of 3-methylcrotonalde- 
hyde at conversions of 10 % (T = 353 K, p^^ = 200 torr, p^^ = 7 • 10'^ torr, [96]). 
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While on Pt (111) the unsaturated alcohol was formed with a selectivity of 65 
% at 10 % conversion [97], the main products on Pt(llO) were the saturated 
aldehyde (63 %) and alcohol (12 %) [98]. On a catalytic surface that is closer to 
real catalyst surfaces than low-index planes, namely Pt(553) which is made up of a 
regular arrangement of (111) terraces and (111) mono-atomic steps, evidence for 
the structure sensitivity was obtained leading to a lower selectivity of unsaturated 
alcohol (50 % at 10 % conversion) than on the Pt(l 1 1) surface [99]. Moreover, the 
stepped platinum surface gave a higher selectivity towards saturated aldehyde than 
the flat plane (18 % instead of 5 %) [96]. 

Recent work of Guerreo-Ruiz et al. [100] conducting crotonaldehyde hydro- 
genation over carbon-supported molybdenum nitrides showed that a higher crotyl 
alcohol selectivity is associated with the (200) planes of the Y-M 02 N crystallites 
and, thus, the structure-sensitivity of this reaction. 
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3.2 Metal-Support Interactions 

Oxidized metal species at the interface between small metal particles and the 
support material which are usually known as strong metal-support interactions 
(SMSI) [101] considered to be responsible for the increase of the selectivity 
towards the unsaturated alcohol. Hydrogenation and deuteration experiments with 
acrolein over Pt/Nb205 and Ir/Nb205 and the use of deuterated acrolein by Iwasawa 
et al. [102,103] were strongly indicative for activation of the carbonyl bond by 
SMSI. From these studies it was concluded that hydrogen, dissociatively adsorbed 
on pure metal sites, migrates across the surface to the interfacial region and hydro- 
genates the CIO group of the a,p-unsaturated aldehyde which adsorbs on the 
metal-NbO^ interface in a T|'^-(C,C,C,0) adsorption mode. The adsorption of both 
functional groups was also proposed by Beranek et al. [104] because similar ad- 
sorption constants for crotonaldehyde in the Langmuir-Hinshelwood rate ex- 
pressions for the formation of crotyl alcohol and butyraldehyde were obtained. 

Vannice et al. [77] observed a marked shift in activity for the hydrogenation of 
the C=0 group of crotonaldehyde when high-temperature reduced (HTR) titania 
supported Pt catalysts were used = 773 K). Turnover frequencies were one 
order of magnitude higher than those of Pt/Ti02 reduced at 473 K, Pt/Si02 or 
Pt/Al203 catalysts. The explanation for the control of selectivity is the generation 
of new active sites (Ti^^, O vacancies), which are able to chemisorb and thus 
activate especially the carbonyl group. This is schematically illustrated in Fig. 15. 




• or 
O vacancy 



Fig. 15. Adsorption configuration of a,p-unsaturated aldehydes on SMSI catalysts, [77]. 



Results with other titania supported Group VIII metal catalysts showed again 
the influence of the metal deposited on Ti02 where Rh [105], Ni [106] and Ru 

[107] gave a considerably lower selectivity to crotyl alcohol. Ir/Ti02-HTR and 
Os/Ti02-HTR produced crotyl alcohol with selectivities up to 48 % during 
transient reaction conditions [107]. The phase composition of titania used as 
support for HTR platinum catalysts has a strong influence on the activity in 
crotonaldehyde hydrogenation which decreased with increasing anatase content 

[108] . While selectivity to crotyl alcohol ranged from 30 to 40 % at low 
crotonaldehyde conversions independent of the catalyst support used, a Pt/Ti02- 
HTR catalyst with an anatase content of 65 % produced 53 % crotyl alcohol at 80 
% conversion. 

In recent studies with Pt/Ce02 prepared from a non-chlorine containing Pt 
precursor it was demonstrated that with increasing the reduction temperature up to 
973 K the crotyl alcohol selectivity reached more than 80 % until crotonaldehyde 
conversion of ca. 40 % [109]. The performance of this SMSI type catalyst was 
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attributed to the formation of CePt^ alloy lowering the activity of C=C group 
hydrogenation. The level of selectivity obtained with ceria based platinum 
catalysts [109,110] is comparable with that of Pt/ZnO [111] and superior to the 
above mentioned Pt/Ti02 catalysts. Studying the latter, select! vities up to 64 % in 
the case of Pt particles of 12 nm in size were obtained by Lercher et al. [94] (see 
also Chapter 3.1). Here, effects of particle size (see below) and promotion by TiO^ 
were discussed to be additive. However, it has to be noted that this is not case for 
Pt/Ce02 catalysts where rather alloy formation than Pt particle size governs the 
selectivity to the unsaturated alcohol [109]. 



3.3 Influence of a Second Metal 

Improving the selectivity by simply adding salts of electropositive d electron 
elements (e.g. Fe and Co) or p electron elements (e.g. Sn, Ge) to a catalyst- 
containing reaction mixture in the case of liquid phase hydrogenations of a,(3- 
unsaturated aldehydes [112-115] is one of the oldest approaches [116] done in 
laboratories of organic chemists. Characterization of catalyst particles after reac- 
tion by Gallezot and co-workers using scanning transmission electron microscopy 
(STEM) and energy-dispersive X-ray spectrometry (EDX) showed the presence of 
in-situ formed true bimetallic Pt-Fe particles [117]. The observed increase of 
allylic alcohol selectivity was explained by an electron transfer from the much 
more electropositive iron atoms to platinum. The second metal was considered as 
acting as Lewis adsorption sites for the oxygen atom of the C=0 bond, where the 
polarized functional group is easily hydrogenated by addition of hydrogen 
chemisorbed on the nearby platinum atoms [117]. Indeed, XANES measurements 
indicate electron transfer from Fe to Pt atoms in reduced Pt-Fe/C prepared ex-situ 
by co-impregnation [118]. Many groups examined these type of catalysts, using 
different preparation methods, varying the noble metal to second metal ratio 
[75,76,115,118,119] and trying to characterize the active site in order to under- 
stand the control of the intramolecular selectivity. 

Monometallic Rh, Pt or Ru catalysts were also modified by applying ex-situ 
techniques (incipient wetness, co-impregnation) followed by calcining and 
subsequently reducing the precursor material in flowing hydrogen. In the case of a 
controlled surface reaction (CSR) of organometallic compounds (e.g. (n- 
C 4 Hg) 4 Sn)) with supported highly-dispersed metals (Rh, Pt, Ru) well-defined 
bimetallic catalysts can be obtained that exhibit either alloy particles or a metallic 
surface modified by grafted butyltin fragments [120-122]. 

For example. Basset et al. (e.g. [120-122]) prepared Rh[M-(n-C4H9)Jy/Si02 
catalysts (M = Ge, Sn, Pb) by partial hydrogenolysis, at 373 K, of (n-C 4 H 9 ) 4 M on 
the surface of silica supported rhodium. In the presence of a grafted butyltin 
fragment (x = 2, y = 1), the hydrogenation of citral in the liquid phase at 7.6 MPa 
and 340 K produced a selectivity of 96 % geraniol/nerol at 100 % conversion. The 
high selectivity was attributed to electronic and steric effects, the latter may favor 
the adsorption of the less hindered functional group of citral, e.g. the C=0 group. 
By treating the organo-bimetallic catalyst (Sn/Rh = 1) at 630 K under hydrogen, 
removal of the remaining butyl groups occured [120] and a strong decrease of the 
selectivity of geraniol/nerol to 6 % [120] was observed, whereas in contrast a 
value of around 80 % can be taken from [122] for Rh[Sn-(n-C 4 Hg)jySi 02 with x = 
0 and y = 1 . 
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Also a highly-temperature (773 K) reduced Pt-Sn/MgO catalyst (Sn/Pt = 0.5) 
prepared via the CSR method and applied by Recchia et al. [123] for the 
hydrogenation of citral at 373 K and 2 MPa in a trickle-bed reactor gave a 
selectivity to geraniol and nerol of 97 % at 100 % conversion at a contact time of 
79.5 s. It is noteworthy that no deactivation was observed. 

By the method of controlled surface reaction Claus et al. [75,124] achieved a 
high selectivity to crotyl alcohol = 75 % at 15 % conversion) over Rh- 
Sn/Si 02 in the gas phase hydrogenation of crotonaldehyde if the bimetallic 
catalysts were finally reduced in hydrogen at 623 K. The morphology of the true 
bimetallic particles, as shown by STEM/EDX analysis, was identical to the 
monometallic catalyst, and the particle size distribution again had a average size 
of 2 nm [125]. This suggests that no sintering occurs during the hydrogenolytic 
decomposition of the partially alkylated metal-tin precursor. Therefore, the 
catalytic properties during hydrogenation are related to the effect of tin. An 
electron transfer to rhodium atoms is suggested in the case of such nanosized Rh- 
Sn alloy particles which provide an additional evidence for the results of XANES 
and EX AES measurements on bimetallic catalysts [120,126]. Therefore, bimetallic 
catalysts which exhibit surface polarity due to negatively charged Rh (or Pt, Ru) 
and positively charged Sn are selective for C=0 group hydrogenation. 

It was shown that the turnover frequencies for the formation of crotyl alcohol 
and n-butyraldehyde, and thus, the intramolecular selectivity of the gas phase 
hydrogenation of crotonaldehyde strongly depends on the Sn/Rh ratio of the alloy 
catalyst [75]. 

However, the nature of the active sites in metal-tin phases and the kind of 
modification of the matrix metal (e.g. Rh) by Sn via electronic (ligand) effects and 
/or dilution with metallic tin are still the subject of discussion [123,127-134]. 



3.4 Reaction Mechanism 

Taking into account theoretical approaches and the experimental behavior of metal 
catalysts towards the hydrogenation of a,|3-unsaturated aldehydes as discussed 
before a reaction mechanism of the hydrogenation of a,p-unsaturated aldehydes 
can be proposed [76] which is shown for crotonaldehyde hydrogenation in a 
simplified scheme (Fig. 16). 
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Fig. 16. Reaction mechanism of the hydrogenation of crotonaldehyde (It: trans-7C-allylic 
surface species; Ic: cis-7i-allylic surface species; 2: oxo-7C-allylic surface species). 



Depending on (i) the nature of the individual metal (Os, Ir and Ru favor C=0 
hydrogenation while Pd remains completely unselective), (ii) steric constraints in 
the metal environment, (iii) modification of the metal surface by a second metal, 
(iv) steric and electronic effects of supports and ligands and (v) substitutents on 
the C=C group, the pathways of allylic alcohol and saturated aldehyde formation 
can be totally different following the classical Horiuti-Polyani mechanism via T|^- 
(C,0) and T|^-(C,C) adsorption modes, respectively, or involving 7C-allylic and 
oxo-7C-allylic surface species. For the formation of the latter species an adsorption 
configuration of an a,|3-unsaturated aldehyde is necessary that takes into account 
both functional groups like ri^-(C,C) + r|‘-(0) or r|^-(C,C) + r|^-(C,0) or rj"^- 
(C,C,C,0). Such an adsorption mode on a well-characterized (see Chapt. 3.3.) 
bimetallic surface is shown in Fig. 17. 




Fig. 17. Adsorption mode of crotonaldehyde on a bimetallic Rh-Sn ensemble. 



From this mode allylic surface species can proceed by adding the first hydrogen 
atom either to the carbonyl oxygen atom (formation of It), or to the terminal car- 
bon atom of the C=C group (formation of 2). Concerning the adsorption mode, 
note the analogy between bimetallic surfaces and oxidized metal species at the 
interface between small metal particles and the support material (see Fig. 15). 
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Involvement of both functional groups during the adsorption step is not only 
shown by XANES [135], HREELS [136] and theoretical calculations [137]. Also 
the formation of cis-crotyl alcohol, whose selectivity increased with increasing 
atomic ratio Sn/Rh and the formation of 2-butanol and ethyl methyl ketone in cro- 
tonaldehyde hydrogenation or of 2-propanol and acetone in acrolein hydrogena- 
tion, respectively [75,81,93,138] are experimental indications for a mechanism 
based on 7c-allylic and oxo-7i-allylic intermediates as half-hydrogenated species. 
Ketone formation by opening of an oxirane ring as was reported by Coq et al. [93] 
could be due to electron-deficient metallic sites at the metal-support interface or to 
the electronic state of a second metal (e.g. Sn^O as described for bimetallic cata- 
lysts. 



3.5 Selective Hydrogenation with Silver and Gold Catalysts 

Silver catalysts are well known for the oxidation of ethylene to ethylene oxide and 
for the production of formaldehyde from methanol. Surprisingly, monometallic 
silver catalysts were also able to hydrogenate selectively the C=0 group of a,p- 
unsaturated aldehydes in the gas phase [81]. In the hydrogenation of croton- 
aldehyde for five Ag/Si 02 catalysts, prepared by different preparation techniques, 
the selectivity to the unsaturated alcohol was^ound to be (59 ± 3) %, independent 
on the particle size in the range of 3.7 nm < d^^ < 6.3 nm. Moreover, the specific 
activities were similar in magnitude and exhibit no clear trend with particle size. 
Consequently, the hydrogenation of crotonaldehyde over these Ag/Si02 catalysts 
appears to be structure-insensitive. Titania supported silver catalysts reduced in 
hydrogen at low temperature (473 K, LTR) or high temperature (773 K, HTR), 
showed a quite different behavior. These silver particles exhibit rather narrow size 
distributions and very low mean particle sizes (d^^ = 2.8 ±1.9 nm for Ag/Ti 02 - 
LTR, d . = 1.4 ± 0.5 nm for Ag/Ti02-HTR), i.e. an exceedingly high dispersion 
(D^g = 0.46 and 0.69, respectively). The LTR catalyst gave a higher selectivity to 
crotyl alcohol (53 %) than the ultradispersed HTR catalyst (28 %). This pronou- 
nced change in selectivity suggests the hydrogenation of crotonaldehyde over 
these Ag catalysts to be qualified as structure-sensitive with the rate determining 
step depending critically on the silver particle size and thus on the silver surface 
structure, investigated with conventional (CTEM) and high-resolution transmis- 
sion electron microscopy (HRTEM). If hydrogenation of the C=0 group of the 
a,(3-unsaturated aldehyde is favored by face atoms, most likely the increased 
fraction of Ag (1 1 1) planes of the larger silver particles will give higher formation 
rates of the desired unsaturated alcohol. The nanostructural features of the 
catalysts, as their silver particle size distribution, mean particle size and dispersion 
was found to be dependent markedly on the preparation method. The application 
of sol-gel technique and impregnation as preparation methods followed by 
appropriate methods of pretreatment gave well dispersed silver catalysts [144]. 

Even more impressing than the successful use of monometallic Ag catalysts is 
the fact that monometallic Au catalysts are also able to produce the allylic 
alcohols. The use of gold in catalysis is a relatively new field and has attracted 
much interest in recent time. For long time gold has been considered as poorly 
active, because of its d*^ configuration and the fact, that pure gold surfaces do not 
adsorb oxygen, hydrogen or carbon monoxid. This had to be revised when Haruta 
et al. found that gold is nevertheless able to activate these substrates if it is well 
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dispersed in ultrafine nanoparticles on appropriate supports [145]. Small supported 
gold particles were successfully used as oxidation catalysts, especially for the low 
temperature oxidation of carbon monoxide [146-148], but they are also useful in 
hydrogenation reactions. Using titania or zirconia supported Au catalysts, with 
gold particles in the range of 1-5 nm prepared by various preparation techniques in 
the hydrogenation of acrolein these catalysts show considerable selectivities to the 
allylic alcohol up to 43 % (conversions < 10%). As before for the Ag catalysts, it 
was concluded, that the adsorption of the CO group is favored by face atoms, so 
that the increased fraction of dense ( 111 ) planes of the larger gold particles will 
give higher formation rates of allylic alcohol. For extremely small gold particles 
paramagnetic F-centers (trapped electrons in oxygen vacancies) of the support 
were observed. Structural analysis point that the influence of small gold particles 
on the intramolecular selectivity of the hydrogenation of conjugated functional 
groups originates from active sites comprising paramagnetic F-centers of strong 
one-electron donating character and electron-rich particles. The origin of the 
antiphatetic structure sensitivity of the hydrogenation of the C=0 vs C=C group 
may be attributed to quantum size effects which alter the electronic properties of 
sufficiently small gold particles [149]. In contrast, no crotyl alcohol was detected 
by Hutchings et al. [150] during crotonaldehyde hydrogenation over Au/Si 02 at 
523 K where the saturated aldehyde was the main product (selectivity > 97 %) and 
the conversion increased from 11 % to 22 % during time on stream of 180 min. 
Improved crotyl alcohol selectivities were achieved with Au/ZnO (52 % at 9 % 
conversion) and Au/Zr02(38 % at 12 % conversion) at 527 K (Au loading: 5 %). 
By comparison with Au/ZnO and these authors concluded, that interfa- 

cial sites, responsible for C=0 group adsorption, were absent in the case of Si 02 
and the adjacent large gold particles. Furthermore, they reported that the crotyl 
alcohol selectivity further increased by addition of a sulfur-containing compound. 



4. Industrial Applications of Selective Hydrogenation 
of Multiply Unsaturated Organic Compounds 

Selective hydrogenation processes of unsaturated hydrocarbons are widely used in 
the Downstream Treatment of Naphta Cracking. Many alternative processes have 
been developed depending on the specific fractionation concepts of the reaction 
product of naphtha cracking. A comprehensive review on hydrotreatment has been 
presented by Derrien [1]. Contributions published by experts of IFF [151], BASF 
[31], Hiils [32], CDTECH [152] and KataLeuna Catalysts [2] give excellent infor- 
mation about new processes and trends and selected processes are given which are 
mainly focussed on C 2 H 2 hydrogenation [ 12 ]. 

The selective hydrogenation of the C 3 fraction with the aim to remove propyne 
and propadiene can be performed as a gas or liquid phase process. The latter is 
preferred because of the dissolution of oligomers formed during the hydrogena- 
tion. The average alkyne and diene content of a typical C 3 fraction is roughly 
4 vol%. Therefore, the two-phase hydrogenation is preferably carried out in a 
tubular reactor under approximately isothermal conditions. Cooling is performed 
with boiling ammonia or propene. A well known process of this type is the Bayer 
cold-hydrogenation process [34]. Similar processes have been developed by IFF 
and BASF. The diene and alkyne content is reduced to below 10 ppm with a se- 
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lectivity towards propene of about 80 % [1,27]. At an effluent specification of 
10 ppm diene and alkyne, employment of a metal-promoted Pd catalyst gives a 
1 % higher propene yield than that obtained with an unpromoted Pd catalyst 
[151,153]. For achieving high alkene selectivities it is important to ensure a homo- 
geneous wetting of the catalyst pellets. Insufficient wetting causes a partial inter- 
ruption of mass transfer which favors overhydrogenation. An efficient design to 
assure a uniform gas-liquid distribution is crucial for both types of two-phase 
reactors, the isothermal tubular reactor and the adiabatic reactor. 

The raffinate of the butadiene extraction process still contains up to 1 % of 
residual butadiene. Several processes are available to reduce this content to below 
10 ppm by selective hydrogenation. For example, the SHP process developed by 
Hiils AG [32] consists of one adiabatic reactor operated at about 303 K. Since the 
required hydrogen is completely dissolved, it is an exclusively liquid phase reactor 
avoiding the problems concerning liquid-gas distribution and wetting of the 
catalyst pellets as discussed above. In order to suppress readsorption of butenes, 
which would lead to consecutive hydrogenation and isomerisation of 1 -butene, a 
few ppm of carbon monoxide are added to the feed gas. 

The selective hydrogenation of the crude cut, containing up to 65 % butadie- 
ne [31], is performed in a series of adiabatic trickle-bed reactors. For the removal 
of the large reaction heat the bulk of the product leaving the first stage is pumped 
through a heat exchanger and recycled to the reactor inlet. The temperature increa- 
se between reactor inlet and outlet is determined by the recycle ratio and the reac- 
tion rate which is controlled by the hydrogen pressure. The adiabatic temperature 
increase of a butadiene-butene mixture corresponding to 1 % butadiene conversion 
is approximately 10 K, so that for conversion of butadiene from 65% to 5% and a 
recycle ratio of 10, a temperature increase of 60 K results. The number of reactors 
in series, the value of the recycle ratio, the space velocity and the hydrogen pres- 
sure depend on the butadiene content of the feedstock and the product specifica- 
tions required. Another possibility is the reduction of the butadiene content in one 
or two stages to about 1% followed by the liquid phase process with dissolved 
hydrogen as mentioned above [32] for a final reduction down to 10 ppm. 

Although the selective hydrogenation of a,P-unsaturated aldehydes to unsatura- 
ted allylic alcohols is of great synthetic and industrial interest, at this moment an 
industrial application for a direct (one-step) heterogeneously catalyzed process 
does not exist. Acrolein which is produced during the propylene oxide process of 
ARCO Chemical Technology is hydrogenated to allyl alcohol over copper- 
cadmium catalysts with selectivities around 70 % [154]. To substitute cadmium 
based catalysts, the authors group developed bimetallic silver-indium catalysts for 
the selective hydrogenation of acrolein in the gas phase and the liquid phase which 
produced allyl alcohol with selectivities up to 74 % at nearly complete acrolein 
conversion [155,156]. 

However, applying the concept of biphasic catalysis on hydrogenation of a,p- 
unsaturated aldehydes to allylic alcohols, industrial important yields up to 99 % 
can be obtained, as shown for the hydrogenation of prenal (3-methyl-2-butenal) to 
prenol (3-methyl-2-buten-l-ol) [157,158]. Joo et al. [159] demonstrated the effects 
of pH on the molecular distribution of water soluble ruthenium (II) hydrides and 
its consequences on the intramolecular selectivity. 

Heterogeneously catalyzed hydrogenations are also widely used for the prepa- 
ration of many synthetically useful organic compounds. Although not the aim of 
this review, it should be however mentioned here that one of the main goals of 
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research on this field is the development of enantioselective heterogeneous 
catalysts. Platinum catalysts which have been modified with chinchonia alkaloid 
are very effective to hydrogenate a-ketoesters with high enantiomeric excess 
(95 %) [160,161]. 
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Abstract. Catalytic reforming is an important refinery process for the production of high- 
octane gasoline, hydrogen, and aromatics from naphtha. The most important reactions 
occurring are dehydrogenation of naphthenes, dehydrocyclisation of paraffins, 
isomerisation, and dehydroisomerisation. In addition, the process suffers from catalyst 
deactivation by coking. The catalyst employed in reforming is bifimctional in nature con- 
sisting of a noble metal supported on alumina. Hydrogenation/Dehydrogenation reactions 
are catalysed by the noble metal, e.g. platinum. Isomerisation reactions are catalysed by the 
support, which is acidic in nature. The alumina supported platinum catalyst has been used 
for decades but has been improved by the addition of a second element such as rhenium, tin 
or iridium. The chemical state of the second element and the exact role of the element in 
bringing about higher stability in catalytic reforming have been intensively studied for 
many years. Due to environmental concerns the aromatic content of gasoline will have to 
be reduced. In addition, the possible introduction of hydrogen as an alternative motor 
vehicle fuel may seriously threaten the role of catalytic reforming in the future. 



1 Introduction 



Catalytic reforming is an important process in today's refineries and is one of the 
largest users of catalysts in the chemical industry. According to the International 
Petroleum Encyclopedia (1999) [1] there are 755 catalytic reforming plants world- 
wide with a total capacity of more than 1 1 million barrels per calendar day. The 
reforming process involves the reconstruction of low-octane hydrocarbons boiling 
in the gasoline range into more valuable high-octane gasoline components, such as 
aromatics and highly branched paraffins, without significantly changing their 
carbon numbers. Catalytic reforming is a major refining process due to the large 
and still increasing demand for motor fuel, and for high-value aromatic hydro- 
carbons such as benzene, toluene and xylenes (BTX) being important building 
blocks of the petrochemical industry. 

Figure 1.1 illustrates how the catalytic reforming unit is integrated in a typical 
motor fuels refinery. Feedstocks are hydrodesulphurised straight-run heavy 
naphthas and cracker naphthas. The liquid product (reformate) from the 
reformer typically account for 30-50% by volume of the total gasoline pool [2]. 
The reformate is blended with other available refinery streams such as isomerate 
(branched paraffins), naphtha from catalytic cracking, coking, and visbreaking 
(rich in olefins and aromatics), alkylate (highly branched paraffins), and straight 
run naphtha in order to obtain the desired gasoline properties. Tetraethyl lead are 




128 T. Gjervan, R. Prestvik, and A. Holmen 



still being added as an octane booster to the gasoline in some countries, but are 
most likely to be phased out globally due to strong environmental concerns and 
the introduction of car exhaust catalysts that are poisoned by lead. It is expected 
that 84% of all gasoline sold in the world will be unleaded in 2005 [3]. MTBE has 
been used in gasoline to replace lead and aromatics as octane-boosting 
components and to increase the content of oxygen in reformulated gasoline, but 
due to concerns about MTBE contamination in groundwater the use of this 
additive has become very controversial. Small amounts (ca 1%) of other additives 
are put in to protect against engine corrosion, condensation (water) and deposition 
of coke. 




Fig. 1.1. Example of a processing scheme for refinery gasoline production with catalytic 
reforming. SR = Straight-Run 



Hydrogen is an important product from the reforming process and it is usually 
the main hydrogen source for hydroprocessing, such as hydrodesulphurization and 
hydrodenitrification, demetallation and aromatic saturation. The hydrogen yield is 
typically in the range of 1-5 wt%. The unwanted light paraffins that are also 
formed in the reaction (5-20 wt% yield) are normally used as fuel gas (C,-C 2 ) and 
liquefied petroleum gas (C 3 -C 4 ). The butanes may also be mixed into the gasoline 
pool to increase volatility. 
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1.2 Fundamentals 

1.2.1 Feedstocks / Octane Ratings 

The feedstocks for reforming are characterized by their distillation range, their 
hydrocarbon composition and a number of overall properties (density, molecular 
weight, octane number), as well as the concentrations of sulphur and nitrogen. The 
reformer feed properties vary depending on the type of crude, the initial and end 
point distillation cuts and the amount of the feedstock originating from heavier 
parts of the crude. A normal feedstock contains 40*70% paraffins, 20-50% 
naphthenes, 5-20% aromatics and 0-2% olefins and the density is in the range of 
0.68-0.76 g/ml. The amount of sulphur and nitrogen has been reduced to ppm 
levels by hydrotreating in order not to poison the reforming catalyst (and the car 
exhaust catalyst). Olefins, most of that are present in the cracker naphtha, will be 
hydrogenated as well. The distillation range is usually cut between and in 
the light end because the fraction partly will crack to gases and partly form 
unwanted benzene (in a fuels refinery). In addition the naphthenes have a 
higher octane number than their dehydrogenated products as shown in Table 1.1. 
The light fraction of the naphtha is instead usually upgraded by isomerisation. As 
the reforming catalyst is more subjected to coke formation using heavier 
hydrocarbons, the end boiling point is also limited normally up to 150-180°C. For 
a refinery in BTX operation the preferred naphtha feedstock is narrowed to a pure 
C,-Cg cut. 

The purpose of catalytic reforming is to increase the octane number of the 
feedstock up to a level that makes it suitable as an automotive fuel. Taking the 
gasoline specifications and the available blending stocks into account an octane 
number for reformate of 95-102 is usually needed. The octane number represents 
the ability of a gasoline to resist detonation or knocking during combustion of the 
compressed air/gasoline mixture in the engine cylinder. The higher the octane 
number, the less is the tendency for knocking - which strongly limits the 
efficiency of the automobile engine. In practice two ratings are usually measured 
and are designated Research Octane Number (RON) and Motor Octane Number 
(MON) and differ only in the type of engine and test procedure used. RON 
represents the engine performance at low speed while MON is representative for 
high speed driving. The octane number displayed on the pumps at service stations 
is usually either the RON value or an average octane value Vi (RON + MON). In 
the literature usually RON is used if nothing else is stated. By definition the 
octane number of n-heptane is zero and the octane number of iso-octane (2,2,4- 
trimethylpentane) is 100. The octane number for a gasoline is defined as the 
volume percent of iso-octane in blending with n-heptane that equals the knocking 
performance of the gasoline being tested. Some gasoline components have octane 
numbers exceeding 100 and have to be characterized by use of mixtures. A usual 
mixture contains 20% of the actual compound and 80% of an n-heptane/iso-octane 
(40:60) mixture. A hypothetical ’’blending octane number” is then obtained by 
extrapolating from 20 to 100 % concentration. The blending octane number is 
specific for the mixture and usually different from the octane number of the pure 
component as seen for a range of different hydrocarbons with octane numbers < 
100 in Table 1.1. 
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Table 1.1 Research octane numbers for a range of pure hydrocarbons and in blending [4]. 



Hydrocarbon 


Research Octane Number 
Pure 


Research Octane Number 
Blending 


Paraffins 






n-Butane 


94 


113 


Isobutane 


>100 


122 


n-Pentane 


62 


62 


2-Methylbutane 


92 


100 


n-Hexane 


25 


19 


2-Methylpentane 


73 


82 


n-Heptane 


0 


0 


3-Methylhexane 


52 


56 


n-Octane 


<0 


-18 


n-Nonane 


<0 


-18 


Naphtenes 






Methylcyclopentane 


91 


107 


Ethylcyclopentane 


67 


74 


Cyclohexane 


83 


no 


Aromatics 






Benzene 


- 


98 


Toluene 


>100 


124 


1 ,2-Dimethylbenzene 


- 


120 


1 ,3-Dimethylbenzene 


>100 


145 


1 ,4-Dimethylbenzene 


>100 


146 



Table 1.1 shows that aromatics generally have much higher octane numbers 
than naphthenes, olefins, and paraffins and are therefore the most desired 
products. The octane number of the aromatics (except for benzene) is always 
above 100. Straight chain paraffins have very low octane numbers (RON < 0 for 
n-octane and n-nonane), but the octane number increases markedly with the 
degree of branching (RON > 100 for 2,2,3-trimethylbutane). The octane number 
of the paraffins declines as the number of carbon atoms increases and is very low 
for paraffins with more than seven carbon atoms. Unsaturation (paraffins to 
olefins) also result in an octane enhancement. Branching does not positively 
influence naphthenic hydrocarbons and their octane values are in average not very 
high. The above comparison show that the desired products for obtaining high 
octane numbers are aromatics and highly branched paraffins or olefins, although 
the latter group is not formed in the reformer due to thermodynamic limitations. 
An increase in the octane number can therefore best be obtained by transformation 
of naphthenes into aromatics and of linear paraffins into branched paraffins - or 
even better into aromatics. 



1.2.2 Reactions 

The major reactions contributing to the improvement of the octane number are (a) 
dehydrogenation of cyclohexanes to aromatics, (b) dehydroisomerization of alkyl- 
cyclopentanes to aromatics, (c) isomerization of straight-chain paraffins to 
branched paraffins and (d) dehydrocyclization of paraffins into aromatics. Other 
important reactions are (e) hydrocracking and hydrogenolysis (carbon-carbon 
bond scissions), which result in low molecular weight paraffins, and (f) coke 
formation. Like most other hydrocarbon reactions at elevated temperatures, refor- 
ming reactions are accompanied by formation of carbonaceous residue (coke) 
which may poison the active sites of the catalyst. The relative importance of the 
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reforming reactions depends on the nature of the catalyst, the composition of the 
feedstock and the conditions of operation. 



(a) Dehydrogenation of naphthenes (b) Dehydroisomerization of naphthenes 

+ 3 H2 ^ ^ ^ 



(c) Isomerization of paraffins 



(d) Dehydrocyclization of paraffins 



PI paramni 



4H2 



(e) Hydrocracking and hydrogenolysis (0 Coke formation 



H2 -C1-C7 

paraffins 






Fig. 1.2. Major catalytic reforming reactions exemplified with some Cg hydrocarbons 



Fig. 1.2 gives examples of these major reactions in the reforming of Cg hydro- 
carbons. The reforming catalyst is a bifunctional catalyst with a metal function for 
hydrogenation and dehydrogenation reactions and an acid function for hydro- 
carbon rearrangements. Both the metal and acid sites on the Pt/Al 203 catalyst are 
dispersed on the surface of the carrier material. The two catalyst functions interact 
through the olefins, which are key intermediates in the reaction network. The 
bifunctional reaction network shown in Fig. 1.3. was originally proposed by Mills 
and co-workers [5] but has later been modified [6]. The vertical paths in the figure 
take place on the metal and the horizontal paths proceed on the acid sites. The 
conversion of n-hexane into iso-hexanes first involves dehydrogenation on the 
metal to yield n-hexene. The hexene migrates to a neighboring acid site where it is 
isomerized (carbonium ion mechanism). Finally the iso-paraffin is formed by 
hydrogenation of the iso-olefin at a metal site. It has been shown that mechanical 
mixtures of particles containing each of the two functions are active for 
isomerization at rates comparable to the rates for the dual function catalyst [7]. 
Therefore, the two types of sites in the dual function catalyst can operate 
individually and the olefin intermediates can migrate between the sites by gas 
phase diffusion. 
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Fig. 1.3. Reaction network for the reforming of hydrocarbons [6], 



1.2.3 Thermodynamics 

Table 1 .2 shows equilibrium constants and heats of reaction for some reactions of 
Ce and C 7 hydrocarbons occurring at 500°C, reflecting the overall thermo- 
dynamics of catalytic reforming. Generally, the heats of reaction depend only 
slightly on the number of carbon atoms in the molecule. The formation of 
aromatics from cyclohexanes produces a significant RON increase, and from 
Table 1.2 it can be observed that the dehydrogenation of cyclohexanes to yield 
aromatics is strongly endothermic and the conversion is favoured by high 
temperature and low pressure. The equilibrium constants show that the reactions 
are almost completely displaced to the aromatics at 500°C. An increase in hydro- 
gen partial pressure or total pressure will, however, shift the equilibrium toward 
the naphthenes. The effects of temperature and pressure on the concentration of 
toluene in equilibrium with C^ naphthenes are shown in Fig. 1.4. 
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Table 1.2. Thermodynamic data, at 500°C, of some typical reforming reactions with and 
C7 hydrocarbons. 



Reaction type 


Reaction 


Kp 

(p in atm) 


AH* 

(kj/mol) 


Dehydrogenation 


Cyclohexane <=> Benzene + 3 H2 


6x Itf 


221 




Methylcyclohexane <=> Toluene + 3 H2 


2x 10" 


216 




n-Hexane <=> 1 -Hexene + H, 


0.04 


130 


Dehydroisomerization 


Methylcyclopentane Benzene + 3 H, 


5.2 X lO" 


75 


Isomerisation 


n-Hexane 2-Methylpentane 


1.14 


-5 




n-Heptane <=> 2-Methylhexane 


41.69 


-6 




Methylcyclopentane <=> Cyclohexane 


0.09 


-16 


Dehydrocyclisation 


n-Hexane <=> Benzene + 4 H2 


7.8 X 10" 


266 




n-Heptane <=> Toluene + 4 H, 


2. lx 10" 


252 


Hydrocracking 


n-Heptane -1- H^ <=> Propane + n-butane 


3.1 X 10* 


-52 


Hydrogenolysis 


n-Heptane + H, <=> Methane + n-Hexane 


1.2x10" 


-62 



Source: Calculated from API Research Project [8], 




Temperature [°C] 



Fig. 1.4. The effect of temperature and pressure on the concentration of toluene in 
thermodynamic equilibrium with H2 and naphthenes. 



The thermodynamics of the dehydroisomerisation of cyclopentanes is similar 
to that of the dehydrogenation reactions, but the reaction is slightly less endo- 
thermic and the equilibrium constant is lower. Since the reaction involves an 
isomerisation step, the rate is lower than for pure dehydrogenation reactions, but 
high enough for the equilibrium to be approached under normal reforming 
conditions. 
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Paraffin dehydrocyclisation is a key reaction in catalytic reforming. It results in 
the highest RON improvement of all the reactions occurring in the process. 
Conversion of n-heptane into toluene equals a difference of over 100 RON units. 
The thermodynamics is similar to that of dehydrogenation of naphthenes. 
However, the rate of the reaction is slow, thermodynamic equilibrium is not 
reached and the reaction is kinetically controlled. 

The isomerisation of paraffins is rapid and the conversion to isoparaffins is 
limited by the thermodynamic equilibrium. The heat of reaction is low (mildly 
exothermic) and temperature has only a moderate effect on the conversion within 
the temperature window typically applied in catalytic reforming (450-520°C). A 
low reaction temperature is the most favourable thermodynamically. Since the 
number of reactant and product molecules in the reaction are equal, neither the 
total nor the hydrogen pressure influences the equilibrium notably. Most 
fortunately, the equilibrium favours the more desirable (higher-octane) branched 
isomers. Isomerisation therefore makes a significant contribution to the octane 
improvement. 

Paraffin dehydrogenation is strongly endothermic. At equilibrium, only very 
small concentrations of olefins can exist at the hydrogen partial pressures 
normally employed in reforming as reflected by the small Kp in Table 1.2. Thus 
the contribution of olefins to the octane number of reformate remains very low. 
Nevertheless, the olefins are important reaction intermediates in some of the 
reforming reactions. The thermodynamics sets an upper limit on the attainable 
concentration of olefins in the system and may therefore limit the overall rate for 
these reactions. In addition, the olefins may be further dehydrogenated and 
polymerised, particularly at low hydrogen pressure, and form carbonaceous 
residue (coke) covering the active surface. 

The naphthenes isomerisation reactions are mildly exothermic. The equilibrium 
between methylcyclopentane and cyclohexane clearly favours the former at 
typical reforming conditions. The reaction is, however, relatively rapid and equili- 
brium is established under reforming conditions. 

Hydrocracking is promoted under hydrogen pressure. It involves rupture of 
carbon-carbon bonds producing light paraffins as products. The reaction results in 
a loss of reformate yield, valuable hydrogen is consumed and is therefore in 
general unwanted. However, a limited degree of hydrocracking - transforming the 
heaviest paraffins into lighter ones having higher octane ratings as well as 
concentrating the aromatics - will increase the octane number of the reformate and 
is often needed to reach a specified RON level. The cracking reaction involves a 
classical carboniumion mechanism that favours the formation of propane and 
butanes. 

Hydrogenolysis is a carbon-carbon bond scission reaction that is, as for hydro- 
cracking, very feasible thermodynamically. Both hydrocracking and hydrogeno- 
lysis are very exothermic and highly favoured by low temperature from a 
thermodynamic point of view. However, the reaction rates are relatively slow and 
the reaction is solely kinetically controlled. Unlike hydrocracking, hydrogenolysis 
produces large amounts of methane and ethane. 

1.2.4 Kinetics 

Dehydrogenation reactions occur readily on commercial reforming catalysts at the 
temperatures employed during catalytic reforming, and equilibrium is reached 
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relative fast. Isomerisation of paraffins is also a fairly rapid reaction, and 
equilibrium is usually approached. However, the equilibrium concentration of 
some of the products is not fully attained. Dehydrocyclisation, hydrocracking, and 
coking are reactions that are kinetically controlled, and the product composition 
will depend on the relative rates of the various reactions, controlled by factors 
such as temperature, pressure and catalyst composition. 

The temperature has an obvious impact on the kinetics of the reforming 
reactions. Fig. 1.5 a) clearly demonstrates that the research octane number (RON) 
of the liquid product increases as the temperature is increased during reforming of 
straight-run naphtha from North Sea crude [9]. Even though it is favourable from a 
thermodynamic point of view with high temperature conditions, the selectivity to 
unwanted cracking products will increase more than the desired products. This is 
due to a higher activation energy of the cracking reaction compared to reactions 
such as dehydrocyclisation. It is evident from Fig. 1.5 b) that the reformate yield 
decreases with increasing temperature due to increased selectivity to unwanted 
reactions such as hydrocracking. 




Fig. 1.5. RON (a) and reformate yield (b) 
different reaction pressures [9]. 




as a function of the reaction temperature at 
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Fig. 1.6. iC/nC^ ratio as a function of the reaction pressure at 12,16,20, and 25 bar [9]. 



Higher selectivity to cracking as a function of temperature can also be observed 
from Fig. 1.6, which shows the z/n-ratio of paraffin isomers at different reaction 
temperatures and reaction pressures. Multi-branched isomers are secondary 
products formed via single-branched isomers [10], and equilibrium is largely 
attained between normal paraffins and their single-branched isomers [11]. 
However, i-C^ cracks more easily than n-C^ and the z/«-ratio is therefore not 
thermodynamically controlled. At low reaction pressures this trend is not evident 
and the selectivity to i-C^ increases with increasing temperature until 
thermodynamic equilibrium is attained at 510°C at 12 and 16 W. At higher 
reaction pressure there is a net consumption of z-heptanes due to hydrocracking 
and there is a large drop in the z7zz-ratio. 





Fig. 1.7. Yield of benzene and aromatics as a function of reaction temperature and 
pressure [9]. 



As dehydrogenation and dehydrocyclisation are favoured at high temperature 
the yield of benzene increases with increasing temperature as shown in Fig. 1.7. 
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Furthermore, benzene production is favoured at low reaction pressures. On the 
contrary the yield of aromatics (for example) decreases with increasing 
temperature and increasing pressure as a consequence of side chain hydrode- 
alkylation. 

Figs. 1.5, 1.6, and 1.7 all demonstrate the beneficial effect of low reaction 
pressure operation in order to obtain high yields of reformate and high-octane 
products. From Fig. 1.5 a) it can be observed that for a given severity in the range 
99-102 RON, the temperature can be lowered by 8-9°C when going from 25 bar to 
20 bar. At the same time the formation of carbonaceous deposits is favoured and it 
is therefore important to keep a certain pressure in order to suppress catalyst 
deactivation caused by coke formation. In order to be able to run at low-pressure 
conditions emphasis must be put on catalyst optimisation to make the catalyst 
more stable and active at less severe process conditions. 

Measurements of individual reaction rates during reforming are made difficult 
by the complexity of the overall reaction and due to catalyst deactivation during 
operation. There exist several kinetic simulation models that describe the reaction 
kinetics during catalytic reforming. In such models certain simplifications are 
made in order to reduce the number of reaction species and reaction pathways 
involved. 

1.2.5 Catalyst 

The catalyst used in commercial reforming processes is a bifunctional catalyst 
involving an acidic function and a dehydrogenation-hydrogenation function. The 
latter is provided by a noble metal such as platinum. Most modem reforming 
catalysts consist of platinum promoted with elements such as Re, Sn, and Ir in 
order to enhance the stability and selectivity of the catalyst. The metals are usually 
deposited on a chlorinated porous high surface area alumina which act as the 
acidic function of the catalyst. 



The Catalyst Support 

The acidic function of the catalyst promotes skeletal rearrangement and the 
support usually consists of one of the two alumina crystallite forms ri-Al 203 or y- 
AI 2 O 3 [12]. In order to selectively crack low octane n-paraffms acidic zeolites 
having shape- selective cracking properties have also been employed together with 
conventional reforming catalyst [13-15]. 

The aluminas are made from aluminium hydrates, T|-Al 203 from gibbsite or 
bayerite and Y-AI 2 O 3 from bohemite, by calcination in air or vacuum. Both forms 
are highly stable aluminas with a spinel stmcture (cubic close packing) charac- 
terised by high surface area. Both Brpnstedt and Lewis acidity may exist on the 
alumina surface and the fraction of each depend on the degree of hydration [16]. 
Based on techniques such as ammonia adsorption and IR measurements Peri [16- 
18] proposed an idealised model for the surface alumina and suggested that the 
catalytic activity of these supports were closely related to certain acid sites 
(aluminium ions that act as Lewis acids) created by the desorption of hydroxyl 
groups on the surface. On the other hand, Knozinger and Ratnasamy [19] have 
shown that the catalytic activity is primarily not due to such Lewis acid sites. 
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These authors attributed the catalytic activity to OH groups with neighbouring 
defects sites created in the partially dehydroxylated surface. 

The acidity 

of the support is enhanced by treating the alumina with halogens, preferable 
chloride in the form of HCl or carbon chlorides. Gates et al [20] proposed a model 
illustrated in Fig. 1.8 where the acidity of the OH groups are strengthened by the 



inductive effect exerted 


by an adjacent Cl ion. 




H 


H 


H ^ H H 


H 


0 


0 


O Cl 0 0 


0 




Al 


Al 





Fig. 1.8. Enhancement of the Brpnstedt acidity by adjacent Cfions [20] 



Increasing the acidity of the support with a high chlorine content will lead to 
excessive unwanted hydrocracking while a low content results in low activity for 
isomerization and dehydrocyclization. Chlorine is removed from the support by 
water present in the feedstock and during operation the chlorine content must be 
maintained by continuously adding chlorine to the feedstock at a fixed Cl/Hfi 
ratio. 



The Pt/AlJ^^ Catalyst 

Platinum is the preferred metal in reforming catalyst both due to its high activity 
and to its good selectivity characteristics. Table 1.3 shows the results obtained by 
Ciapetta et al. [21] when comparing the activities for dehydrogenation of 
cyclohexane on various metal-oxide catalysts and other supported metals. It is 
clearly illustrated that platinum is by far the most active metal for 
dehydrogenation even when compared to palladium, iridium and rhodium. 
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Table 1.3. Cyclohexane dehydrogenation activities of supported metal and metal oxide 
catalysts [ 21 ]. 



Catalyst, wt% 


Dehydrogenation acivity 
(pmoles benzene/g catalyst/s) 


34% €1203 cogelled with AI 2 O 3 


0.5 


10% M 0 O 3 coprecipitated with AI 2 O 3 


3 


5% Ni on AI 2 O 3 or Si 02 -Al 203 


13 


5% Co on AI 2 O 3 


13 


0.5% Ir on AI 2 O 3 


190 


l%PdonAl 203 


200 


5% Ni on Si 02 


320 


l%Rhon AI 2 O 3 


890 


0.5% Pt on or SiO,-Al,0^ 


1400-4000 



Differential flow reactor at 427°C, 6.8 atm, H 2 /HC = 6 (mole ratio), activity determined after 
30 min on stream, pre-treated with H 2 at reaction conditions, LHSV varied to give differential 
operation 

Except for naphthene dehydrogenation, which is structure insensitive and is 
depending on the number of exposed platinum atoms only, the other reforming 
reactions are favoured kinetically by small crystallite sizes [22]. The smaller the 
platinum ensembles are, the more stable and resistant to coke formation is the 
catalyst [23]. Considering also the high cost of the platinum metal, it is desirable 
to deposit it onto the porous alumina support in a highly dispersed form possibly 
atomically dispersed. Sufficient activity and high dispersion require only small 
amounts of platinum and the current commercial catalysts typically contain in the 
order of 0.2-0.4 wt% of platinum. Depending on the preparation technique the 
metal particle size can vary in the range 0.8 to 1000 nm [20]. Fig. 1.9. shows an 
annular dark field image of a Pt-Re/Al 203 catalyst (single piece of alumina) and a 
corresponding X-ray spectrum of one metal particle obtained using combined 
scanning transmission electron microscopy and electron-dispersive X-ray analysis 
[24]. The metal particles detected, observed as small white dots, varies from 1 nm 
to 0.5 nm in size. Particles below this size were not measurable due to resolution 
limitations of the microscope applied [25]. 
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Fig. 1.9. Annular dark field image of a single piece of a PtRe/Al 203 catalyst and an EDX- 
spectrum of collected X-rays emitted from a single metal particle [24]. The Pt and Re 
signals detected clearly shows that the metal particle is bimetallic. Information about the 
composition of the particles can be obtained by collecting EDX-spectra from a large 
number of particles. 



The dispersion of the platinum on the support can be measured be a number of 
techniques such as electron microscopy, X-ray line broadening, small-angle x-ray 
scattering, and gas chemisorption [26]. Metal dispersion measurement by selective 
H 2 chemisorption and H 2 -O 2 titration is a frequently applied method for 
characterisation of reforming catalysts. In order to calculate the dispersion from H 2 
chemisorption the H/Pt stoichiometry has to be defined, and in most studies a H/Pt 
stoichiometry of unity has been applied [27]. Volumetric chemisorption of 
hydrogen of the standard 0.3 wt% Akzo CK 303 catalyst, typically yields 

a dispersion of 90-95% [28]. 

The PtRe/Aip ^Catalyst 

One of the first bimetallic catalysts was introduced by Chevron in 1969 [29] and 
was based on platinum and rhenium. Today, catalysts based on these elements are 
among the most important in industrial catalytic reforming. Other common 
additives ranged in commercial availability are tin [30], iridium [31] and 
germanium [32]. In the patent literature a number of other additives have also 
been reported. The most frequently studied and utilised catalyst will be described 
in the following chapters. 

The presence of rhenium markedly decreases the rate of deactivation by coke 
formation allowing long runs at relatively low pressures. Due to the high 
hydrogenolysis activity of rhenium sulphur is added to deactivate the rhenium 
sites. The rhenium content in an industrial catalyst is similar to the amount of 
platinum. However, the tendency points toward higher rhenium to platinum ratios 
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(for example 0.2 wt% Pt-0.4 wt% Re) which presumably will increase the dilution 
of platinum with rhenium. 

The higher stability of the Pt-Re(S) catalyst compared to the monometallic 
Pt/Al 203 catalyst has been claimed to be due to a different location of the coke 
[33] and to a different nature of the coke [34] rather than due to a lower amount of 
coke deposited. Pt-Re catalysts may operate satisfactorily with coke levels 
approaching 25 wt% [35]. In Table 1.4. the change in the nature and amount of the 
coke with the addition of Re and S is shown. After having added sulphur to the 
catalyst, the carbon deposition is reduced from 200 to 116 |imol/g cat, and the 
carbon species are much richer in hydrogen [36]. 



Table 1.4. Carbon and hydrogen retained on the catalyst [36] 



Catalyst 


Carbon retained 
(pmol/g cat) 


Hydrogen retained 
(pmol/g cat) 


H/C 


Pt/AIA-Cl 


342 


126 


0.37 


PtRe/Al 203 -Cl 


200 


101 


0.51 


PtRe(S)/AlA-Cl 


116 


185 


1.58 



Different theories have been proposed to explain the beneficial role of Re in 
modifying the catalytic performance of the Pt-Re system. It has been claimed that 
Re prevents sintering of Pt [29,37] or that Re acts independently as an active 
ingredient in the modification of the carbonaceous deposits [38]. The most 
common explanation of the effect of Re on the catalytic properties of the Pt-Re 
catalyst is that Re is associated with Pt in bimetallic particles and the interaction of 
such bimetallic particles with sulphur [39-43]. Sulphur adsorbs primarily on 
rhenium atoms and suppresses the unwanted high hydrogenolysis activity known 
for Pt-Re alloys. Biloen et al [43] proposed a model, shown schematically in Fig. 
1.10 where the rhenium atoms which adsorb sulphur divide the metal crystallite 
surface effectively into smaller platinum entities and become obstacles against the 
transformation of soft coke into deleterious graphitic coke, a reaction demanding 
larger ensembles of metal surface atoms. 




Rhenium 



Platinum 



Sulphur 



Fig. 1.10. A model for the active surface sites of Pt-Re/ AI 2 O 3 [43] 



Since sulphur mainly adsorbs on rhenium, the number of surface platinum 
atoms is not significantly reduced upon sulphurisation. It has been demonstrated 
that sulphur is preferentially bound to the Re atom. Michel et al [44] have 
observed that after sulphiding and hydrogen stripping only 10% of the Pt and all 
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of the Re was covered with irreversibly adsorbed S. This has been attributed to the 
much lower electron affinity of Re [45], and the increases in the electron affinity 
of Pt by the Re-S bond. 

Direct evidence for bimetallic particle formation has been difficult to obtain 
because of the extremely small size of the metal crystallites (<10 A ) and the 
subject has been a matter of controversy for over two centuries. However, modem 
characterisation techniques have clearly proven the existence of bimetallic Pt-Re 
particles as demonstrated in Fig. 1.11. The individual particle size was found from 
studying STEM images, whereas the composition is obtained from EDX analysis 
of each metal particle (A STEM image of a Pt-Re/Al 203 catalyst is shown in Fig. 
1.9) [24]. 
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Fig. 1.11. Pt content vs crystallite size measured by ultra high-resolution combined 
STEM/EDX analysis of individual (x) Pt-Re crystallites on the EUROPT-4 catalyst (0.3-0.3 
wt% Pt-Re/Al 203 ) [24]. (A) High (B) Low ‘alloying’ degree. 



The PtSn/Aip^ Catalyst 

The catalyst stability of Pt-Sn/Al 203 catalysts is close to that of Pt-Re/Al 203 , but 
the selectivity is better at low pressures and the resistance to platinum sintering is 
high. Tin does not possess any hydrogenolysis activity and therefore the catalyst 
does not have to be treated with sulphur prior to use. These features make this 
catalyst preferable in low-pressure reforming units with frequent regeneration. 

To explain the advantageous effect of Sn in the Pt-Sn system two different 
mechanisms have been proposed. Either is Pt modified by an "ensemble effect" 
where Sn decreases the number of contiguous Pt atoms, or Sn changes the 
electronic environment of the Pt atoms. The exact role of Sn in the Pt-Sn system is 
closely related to the chemical state of Sn in the system. Diverging results from 
the literature may be due to different catalyst preparation, pre-treatment and 
experimental techniques applied. 

Dautzenberg et al [46] have argumented for the formation of an alloy and that 
the beneficial effect of Sn is due to the "ensemble" effect. Bacaud et al [47] 
suggest that alloying accounts for the decrease in catalytic activity related to Pt. In 
addition it was also suggested that if part of the Pt was unalloyed, its activity is 
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also inhibited due to an electronic effect of Sn ions. Coq and Figueras [48] studied 
the conversion of methyl cyclopentane on the Pt-Sn system. It was observed that 
the addition of Sn had a stabilisation effect on the catalytic activity and resulted in 
a decrease of the hydrogenolysis. Thus, it was concluded that the main role of Sn 
is to dilute the Pt surface. Li et al [49] concluded that the presence of Sn oxides 
improves the stability of the catalyst by blocking Pt particle sintering, and that the 
presence of Pt-Sn bimetallic particles significantly depresses hydrogenolysis. Paal 
et al [50] rationalised the changes in activity and selectivity brought about by Sn 
in terms of geometric effects, with Sn as a solid solution in Pt or as an alloy 
diluting multiatomic Pt sites. 

Burch [47] suggested that the special properties of Pt-Sn catalysts cannot be 
due to a geometrical effect in which Sn divides the surface up in small clusters of 
Pt atoms as not sufficient metallic Sn was found. The beneficial effect of Sn was 
attributed to the change in the electronic properties of small Pt crystallites and to 
the modification of the acidic properties of the support [51]. As a result self- 
poisoning is reduced and the selectivity to nondestructive reactions is increased. 
Sexton et al [52] supported the conclusions made by Burch suggesting that Sn(II) 
is a surface modifier of Y-AI 2 O 3 and that the reactivity changes are most likely due 
to the changes in the electronic interaction between Pt and Sn(II)-y-Al 203 . Parera 
et al [53] stated that the alloying of Pt with Sn could result in an electron transfer 
from Pt to Sn, creating electron deficient Pt atoms, which influence markedly the 
adsorption-desorption steps of the catalytic reaction. It was also suggested that 
both electronic and geometric effects act together to yield the great decrease in 
hydrogenolysis. 

Catalyst Preparation and Pretreatment 

The procedures for catalyst preparation and pretreatment are very important for 
the properties of the final catalyst. Platinum metal and the second metal is usually 
incorporated onto the alumina support by one or two successive impregnations of 
solutions containing HCl and metal precursors such as H 2 PtCl 6 , HReO^ and SnCl^. 
The catalysts are then dried, treated in oxygen containing atmosphere (400- 
600°C), and finally reduced (500-550°C) in hydrogen to convert the platinum 
oxide species into active zero valent metal. While platinum is usually fully 
reduced at these temperatures, the reduction degree of rhenium and tin has been a 
matter of discussion [39,46,47,54-58]. The Pt-Sn catalyst is fully activated after 
reduction, but the Pt-Re catalyst needs first to be sulphurised. Sulphur is added in 
the form of H 2 S or some carbon sulphide diluted in hydrogen until Re saturation as 
recognised by sulphur breakthrough at the rector exit. Weakly adsorbed sulphur on 
platinum is flushed off by H 2 prior to naphtha introduction. 

The pretreatment conditions and drying temperature has a significant influence 
on the final state of the metal particles of the Pt-Re/Al 203 and Pt-Sn/Al 203 . In 
order to obtain bimetallic particles, intimate contact between Pt and the second 
metal has to be ensured. In the case of the Pt-Re catalyst contact can be obtained 
during reduction as the Re oxide species can migrate on the surface. The mobility 
is controlled by the degree of surface hydration and the drying temperature prior 
to reduction is very important. Figure 1.12 shows the characteristic TPR profiles 
of two catalyst samples dried at 240°C and 520°C, respectively [57]. 
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Temperature (®C) 

Fig. 1.12. TPR profiles of the PtRe/Aip 3 catalyst dried at 240°C and 520°C [57]. 



The TPR profile of the catalyst dried at 240°C show only one peak at 300°C 
and the hydrogen consumption corresponds to almost complete reduction [57]. 
This profile is characteristic of simultaneous reduction of Pt and Re and hence the 
formation of bimetallic particles. Mobile Re oxide species are catalytically re- 
duced by Pt metal atoms on the surface when they get in contact. ITie catalyst 
dried at 520°C display a more complex TPR curve which can be attributed to the 
fact that some of the Re is reduced at higher temperatures forming monometallic 
particles. The reduction mechanism of the Re oxide species is schematically 
presented in Fig. 1.13. Hydroxyl groups on the support enables Re oxide species 
to migrate when the catalyst is dried at 240°C (Fig. 1.13 a). When the catalyst is 
dried at 520°C the surface is more dehydrated resulting in less Re oxide mobility 
(Fig 1.13.b). 
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Fig. 1.13. Proposed reduction mechanism for the platinum catalysed reduction of rhenium 
for catalyst dried at 240°C a) and 520 °C b) [28]. 



Even if the valence state of Sn is debated in the Pt-Sn system it seems to be a 
general agreement that Pt may catalyse the reduction of Sn oxides [29,59]. Sn 
oxides are less able to migrate than Re oxides due to the very strong interaction 
with the alumina support. Lieske and Vdlter [59] reported that high temperature 
calcination (500°C) results in more alloyed particles as Pt (IV) and/or Sn (IV) 
oxide species are mobile at these conditions. According to the same authors an 
increasing Sn content gives an increasing amount of alloyed particles. In order to 
obtain bimetallic PtSn particles, contact between Pt and Sn can be obtained during 
the preparation step by employing a PtSn complex precursor such as 
[Pt(NH 3 )J[SnClJ [50,60-62] and [PtCl(SnCl 3 )(PPh 3 )J [63]. Investigation of both 
the Pt-Sn/Al 203 [52,64] and the Pt-Sn/Si02 system [65] has shown that the 
impregnation procedure is very important and that co-impregnation leads to more 
bimetallic formation than a sequential impregnation procedure. 

1.2.6 Catalyst Deactivation and Regeneration 
Catalyst Deactivation by Coke Formation 

During reforming operation the catalyst may be subjected to deactivation by 
poisoning, sintering, and by the formation of coke. Coke formation is the main 
cause for deactivation determining the cycle length of the catalyst. Coke formation 
is favoured at high temperatures and low hydrogen pressures, which are also 
conditions favourable for the formation of aromatic compounds. Reactions leading 
to coke formation on the support are acid catalysed polymerisation and cyclisation 
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of olefins to give higher molecular weight compound that undergoes further 
dehydrogenation, cyclisation, and further polymerisation. Poisoning begins on the 
metal sites with the formation of olefins and aromatics. These species can slowly 
be transformed to coke on the metals or migrate to the acid support by gas phase 
transport or surface diffusion. Coke formed on the acid sites is more resistant, and 
this poisoning is probably the origin of long term deactivation in reforming. In 
order to keep constant conversion when the coke builds up on the catalyst, the 
temperature is increased. This usually results in a liquid yield reduction unless the 
deactivation of acid sites balances the activity increase caused by the higher 
temperature. 

Strong dehydrogenation reactions involved in coking are suppressed by the 
presence of hydrogen. During the reaction part of the carbonaceous material which 
is continuously formed will be removed by hydrogen - cleaning the catalyst 
surface. A small amount of coke is deposited on the metal sites on bifunctional 
catalysts, whereas the majority of the coke is accumulated on the support. The 
mechanism of coke removal involves hydrogen spillover from the metal to the 
alumina support. Iridium and rhenium are known to promote the methanation of 
coke. The degree of platinum dispersion affects the ease of coke removal, as coke 
formed on large platinum ensembles is more dehydrogenated than the coke 
formed on well-dispersed catalysts and will be less reactive with hydrogen. 




Fig. 1.14. Reaction temperature and reformate yield as a function of time on stream during 
accelerated deactivation of commercial Pt-Re catalyst (Unpublished results). 



Fig. 1.14 shows the activity decline and the change in reformate yield due to 
coke formation of a commercial reforming catalyst as a function of time on 
stream. The beneficial effect of having the metal particles present in a highly 
alloyed form is also demonstrated. By adjusting the pre-treatment conditions as 
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discussed previously it is possible to control the degree of alloy formation and 
thus obtaining better performance of the catalyst. The addition of rhenium and 
sulphur to the Pt/Al203 catalyst greatly enhances the stability of this catalyst 
system. This has been claimed to be due to changes in the location [ 33 ] and nature 
[ 34 ] of the coke rather than only due to the amount produced. The quantity of the 
coke can be characterised by techniques such as temperature programmed 
oxidation (TPO) whereas the composition of the coke can be analysed by 
investigating the coke combustion products or by IR studies of the hydrocarbon 
deposits [ 66 ]. Fig. 1.15 shows examples of TPO profiles of the FtJAip^, Re/Al203, 
and Pt-Re/Al203 catalyst (coke formed during nC^ reaction) obtained when 
monitoring the CO2 evolution during temperature programmed oxidation [ 36 ]. The 
peaks identified can be assigned to carbon formed on either Pt (low temperature 
peaks) or the support. The two first peaks of the Pt-Re/Al203 catalyst have been 
attributed to oxidation of carbon formed on Pt and the peaJc in the middle to the 
oxidation of carbon located on Re. It is assumed that coke formed on the Pt sites is 
either catalytically oxidised or that the nature of coke surrounding the metal sites 
is different resulting in an oxidation at lower temperatures. The two last peaks are 
therefore attributed to the oxidation of carbon located on the support. 




Fig. 1.15. TPO profiles obtained when measuring the CO 2 evolution during temperature 
programmed oxidation [36] 



Coke formation is favoured at high temperatures and low hydrogen pressures, 
which are also conditions favourable for the formation of aromatic compounds. It 
is therefore a question of process costs and frequency of regeneration when 
optimising the operation conditions. In addition to temperature and pressure, the 
rate of coke formation is obviously also dependent of the feedstock composition. 
The deactivation rate is faster if the feed contains aromatics, naphthenes, and 
paraffins in the Cg-C,o hydrocarbon range than if it contains lower molecular 
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weight hydrocarbons. Fig. 1.16 clearly demonstrates the effect of the final boiling 
point (FBP) of naphtha on catalyst deactivation [67]. 




Fig. 1.16. The deactivation rate relative to the one for the base naphtha, as a function of 
naphtha FBP. The deactivation rate was measured as the temperature rise needed to 
maintain 102.4 RON [67]. 



Catalyst Deactivation by Poisoning 

Poisoning refers to the strong adsorption of impurities in the feedstock, resulting 
in temporary or permanent inhibition of active sites. Typical impurities associated 
with the naphtha feed are sulphur in form of organic sulphides, nitrogen 
compounds, metals, and halides. In addition products formed during reaction may 
cause poisoning. 

Table 1.5 shows the initial toxicity of the various impurities on the Pt/Al 203 
catalyst as measured by Barbier et al [68]. The initial toxicity is defined as number 
of platinum atoms poisoned by one molecule/atom of poison. It can be seen that 
Hg^^ is extremely toxic to the catalyst inhibiting as many as 15 Pt atoms by 
adsorption. Generally, metal impurities show strong affinity for platinum and form 
stable chemical compounds. Metal poisons are rarely eliminated by catalyst 
regeneration and will cause permanent damage. 
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Table 1.5. Initial toxicity of some compounds on [68]. 



Poison 


Initial toxicity 


Relative metal activity at 
poison saturation 


SO2 


1.0 


0 


Thiophene 


5.0 


0 


Dibenzothiophene 


4.5 


0 


NH3 


0.1 


0.67 


Pyridine 


0.12 


0.042 


CO 


1.18 


0 


H2O 


0.00018 


0.5 


As(CTl3)3 


1.9 


0 




0 


0 


Fe'" 


1.1 


0 


Cu" 


2.0 


0 


Hgf 


15 


0 


Pb'" 


5.2 


0 



Sulphur is considered as the major poison of reforming catalysts and is present 
in the feed as organic sulphur compounds at concentrations up to 1500 ppm [69]. 
Although the adsorption of small amounts of sulphur is beneficial to the Pt and Pt- 
Re catalyst, excessive sulphurisation will affect the metal activity strongly. The 
toxicity of sulphur is a result of both the blocking of active sites and the 
modification of the electronic properties of these sites. It is important to use proper 
pretreatment conditions of the naphtha feed in order to avoid severe poisoning of 
the catalyst. In case of the Pt-Re/Al 203 catalyst a maximum sulphur level of 0.5 
ppm is recommended [29]. 

Nitrogen compounds in form of organic compounds decomposing into 
ammonia will inhibit the acid function of the catalyst. In the presence of water 
ammonia results in the leaching of chlorine by the formation of ammonium 
chloride [70]. Water and oxygenates will also cause leaching of chloride resulting 
in decreased acidity of the alumina, whereas halides present in the feed will have 
the opposite effect. 



Catalyst Deactivation by Sintering 

Sintering is the loss of active surface area of the catalyst due to high temperatures 
and most of the sintering in reforming catalysts occurs during regeneration by 
coke burning. 

Metal sintering is the agglomeration and growth of metal crystallites. The 
extent and rate of this process is very much influenced by factors such as the 
temperature, atmosphere, and chloride content. Changes in Pt dispersion during 
treatment in oxygen atmosphere has been reviewed by Wanke et al [71]. The 
authors proposed a model where the sintering of Pt particles is governed by the 
formation of Pt'^^ species. The stability and mobility of these surface species 
determines the degree of sintering of the catalyst, and at high temperatures 
sintering occurs rapidly. 

In order to decrease the extent of sintering the catalyst must contain a sufficient 
amount of chlorine, as it is known to slow down sintering. The addition of a 
second metal to the Pt catalyst has also been claimed to induce an beneficial effect 
on the sintering characteristics of Pt. Kluksdahl [29] attributed the higher stability 
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of the Pt-Re catalyst to the increased resistance to sintering due to the formation of 
Pt-Re alloys. 

In addition to sintering of the metal particles sintering of the alumina support 
occurs. This is the change in pore structure causing loss of surface area and 
acidity. In opposition to metal particle sintering this is an irreversible process and 
determines therefore the total lifetime of the catalyst. 

Catalyst Regeneration 

When the reactor temperatures during operation no longer can be increased to 
compensate for activity loss (burner limitations) or the reformate selectivity of the 
reforming catalyst is too low for economical use, the catalyst has to be regenerated 
by oxidative removal of the coke. Coke combustion with oxygen starts at the coke 
deposited on the metal particles due to the catalytic action of platinum and the 
higher hydrogen content of deposits. This has been demonstrated by TPO 
experiments as shown in Fig. 1.15. By the action of oxygen spillover the coke 
burning will spread to the support. Because of the exothermic nature of oxidation, 
the procedure usually starts at a fairly low temperature (200-300°C) and with a 
low oxygen concentration (1-2%) in order to avoid temperature runaway and hot 
spots in the catalyst bed. The temperature and oxygen concentration is gradually 
increased up to 500°C and 21% (air). After coke combustion the chlorine content 
is low and the metal is partly sintered. The catalyst has to be “rejuvenated” in 
order to get it back to its initial state. 

Restoration of acidity and metal dispersion is obtained by oxy chlorination. Fig. 
1.17 shows the schematic presentation of the mechanism of redispersion by 
oxychlorinaton [70]. Here, the catalyst is exposed to chlorine (HCl, CI 2 or carbon 
chlorides) together with oxygen at approximately 500°C, leading to a dis- 
placement of OH groups with Cl and a complete metal redispersion probably 
involving oxy chlorinated platinum intermediates [72]. Often, chlorine addition 
starts already in the coke combustion step (combined coke buming/oxychlori- 
nation) in order to minimise chlorine loss and damage to the metal function. In the 
case of bimetallic catalysts the amount of chlorine prior to reduction may 
influence on the degree of alloyed metal particles [73]. After reduction the catalyst 
is sulphided in order to deactivate the superactive sites responsible of unwanted 
hydrogenolysis and hydrocracking reactions. 
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Fig. 1.17. Schematical presentation of the mechanism of redispersion by oxychlorination of 
Pt/Al 203 catalysts [70]. 



1.3 Industrial Application 
1.3.1 History 

The first catalytic reformer started its operation in 1940. This was the fixed-bed 
Hydroforming process, using a molybdenum alumina catalyst. The catalyst lost 
activity as a result of coke deposition, but most of the original activity was 
regained on regeneration in air. However, the major breakthrough came with the 
introduction of alumina-supported platinum catalysts and the commercialisation 
by UOP of the Platforming process in 1949. The catalyst was more active by an 
order of magnitude or more than the first generation of molybdenum-based 
catalysts. The operating conditions (450-5 10°C, 35-50 bars) were selected to 
minimise coke laydown and the catalyst was not regenerated. In the 1950’s more 
than 10 new commercial processes based on the platinum catalysts were 
developed. Most of these included facilities for catalyst regeneration, allowing 
operation at higher temperatures and lower pressures. 

During the 1960’s, higher-octane gasolines were necessitated by improvements 
in automobile engines, and in the 1970’s and 1980’s, environmental concerns, 
especially the phasing out of lead were the main driving forces. A significant 
catalyst improvement occurred in the late 1960’s with the introduction of the Pt- 
Re alumina catalyst by Chevron in 1968 [29] and the new Rheniforming process 
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two years later. The catalyst was more stable and could be operated at lower 
pressures and higher temperatures favouring the thermodynamics of aromatic 
formation. Subsequently, other bimetallic or multimetallic catalysts incorporating 
metals such as Ir, Sn and Ge came into the market. The higher stability and 
selectivity produced by the new catalysts does, however, require extensive feed 
purification because they are more vulnerable to sulfur poisoning. The new 
generation of bimetallic catalysts lead to the introduction of new processes, 
especially designed for low-pressure operation. The most significant innovation 
was the introduction of continuous catalyst regeneration (CCR) by UOP. This 
allows steady-state reforming operation with fresh catalyst performance at 
optimum process conditions. Most new units are of this type. 

The platinum based bimetallic catalysts Pt-Re and Pt-Sn are dominating the 
present market. Because of the high stability, Pt-Re is usually the catalyst choice 
for units with periodical regeneration while Pt-Sn catalysts are used in CCR units 
because of better reformate selectivity at low pressures. The patent literature 
describes a number of new catalyst materials for reforming (such as metals on 
zeolites) and the combined use of different catalysts in the reactors. However, 
their catalytic performance has to be improved in order to replace the current 
Pt/alumina based systems. In fact, the catalysts in present use are still being 
improved as is seen by a continuous increase in commercial cycle lengths (run 
time in between regeneration). Modem semi-regenerable units may in fact operate 
for two to three years between regenerations at relatively severe operating 
conditions. 

1.3.2 Reactor Design and Operation Conditions 

The overall reforming process is endothermic and the most endothermic reactions 
occur very rapidly. It follows that a large amount of heat must be added to the 
reactants in order to maintain a desired temperature level throughout the catalyst 
bed. Addition of heat to packed beds is associated with technical difficulties. 
Considering the heat duties, a fluidized bed reactor would be preferable, but the 
high cost of the reforming catalyst makes it uneconomical. The solution is to 
divide the catalyst charge among several reactors (usually 3 to 4) which are mn 
adiabatically and with interstage heating in between. 

When the feedstock enters the first reactor, the temperature falls rapidly as the 
cyclohexanes are dehydrogenated and almost quench the reactions. As a result, the 
residence time is short and the size of the first reactor is small compared to the 
other reactors. The effluent is reheated and enters the second reactor where it 
undergoes further dehydrogenation, dehydroisomerization and isomerization. The 
temperature drop of the second reactor is lower than in the first one. In the last 
reactor, which often contains about half of the total catalyst charge, the slower 
reactions, namely dehydrocyclization, hydrocracking and hydrogenolysis domi- 
nate. The exothermic cracking reactions in the last reactor causes a lower delta T 
(higher exit temperature) in the last reactor and shifts the naphthene-aromatic 
equilibria in favour of further dehydrogenation as well. 

The reforming processes are classified according to the frequency and mode of 
regeneration. Semiregenerative processes are characterised by operation over long 
periods until complete plant shutdown during regeneration. This is suited for 
operating conditions where the catalyst deactivation is slow. The majority of 
reformers are of this type. 
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Cyclic processes have an additional ‘swing’ reactor that replaces one of the 
others when its catalyst charge needs to be regenerated. This type of process is not 
the most common because it requires that the reactors are of equal size and 
because of the technical complexity. Most new reforming units are based on 
continuous catalyst regeneration (CCR). In this design the reactors are usually 
stacked on top of one another. The catalyst is continuously withdrawn from the 
bottom of the reactor section, transported to a regeneration unit, regenerated and 
returned to the top of the reactor train. 

High-pressure processes (20-50 bar) are operated at temperatures in the range 
of 470-520°C, high hydrogen to hydrocarbon mol ratios (4-10) and liquid hourly 
space velocities ranging from 1 to 6. Medium pressure (10-20 bar) and low- 
pressure (3-10) processes operate at slightly higher temperatures to optimise 
conversion into aromatics. The choice of conditions will depend on the feedstock 
quality, the product octane required, the catalyst stability and the regeneration 
capacity available. High-pressure operation causes higher rate of hydrocracking 
and therefore a lower reformate yield. On the other hand the rate of deactivation is 
reduced. The recent development of much more stable catalysts has increased the 
interest in low-pressure reforming. Since reformers are operated adiabatically and 
because the catalyst charge is unevenly divided among the reactors space velocity 
and temperatures are not constant. The space velocity in the first reactor may be 
more than twice of that for the last reactor. To evaluate catalyst activity, a 
weighted average bed temperature (WABT) is often calculated. WABT is the sum 
of the average of the inlet and outlet temperatures of each reactor multiplied with 
the weight fraction of catalyst in each reactor. The operating conditions of a 
modem medium-pressure unit are given in Table 1.6. 



Table 1.6. Operating conditions for a semi-regenerative medium pressure unit. 



H/HC inlet 


1 


2 


Reactor 

3 


Total 


Inlet temperature [°C] 


485 


485 


485 




Exit temperatur [°C]e 


395 


440 


460 




Average pressure [bars] 


12 


11 


9 




WHSV per reactor [n] 


8 


5 


1.1 


0.8 


Percent of total catadyst 
charge 


10 


16 


74 


100 



Reformers are operated to give a constant product octane number. As the 
catalyst is deactivated, the reactor temperature is gradually increased. The 
temperature increase during a cycle may be in the range of 20-40 degrees and the 
coke content of the catalyst may reach levels of 10-40 wt%. The decline in 
reformate yield in the cycle, if any, depends heavily on the catalyst stability (coke 
amount and coke tolerance). 



1.4 Outlook 

1.4.1 Reforming and the Environment 

In the recent decades it has become clear that the rapid utilisation of hydrocarbons 
as fuels are associated with strong environmental concerns. The inevitable 
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formation of CO 2 upon combustion is recognised as a global problem and is a 
driving force for the development of more efficient engines and alternatives to 
hydrocarbons as fuels. The combustion of gasoline results in a number of 
additional emissions such as CO, NO^, SO^ and unbumed hydrocarbons. Unsa- 
turated gasoline components (aromatics and olefins) increase the formation of 
exhaust particles (smog). The air pollution related to traffic cause severe health 
problems in highly populated areas. The exposure to gasoline vapours during 
handling and the possibilities of leakage during storage and transportation are 
other problems of consideration. The hazards of benzene exposure (carcinogenic) 
are known. 

To meet these problems, governments have progressively implemented stronger 
regulations on the specifications of gasoline and other fuels. Exhaust catalysts 
have been introduced to reduce emissions of CO and NO^. Tetraethyl lead is being 
phased out as an octane booster as it is both an unwanted contaminant and because 
it poisons the exhaust catalysts. Both volatility and end boiling points in gasoline 
are being reduced and maximum levels of benzene, sulfur, total olefins and total 
aromatics are set. In the US, the Clean Air Act Amendments forced refiners to add 
minimum levels of oxygen (as oxygenates) to the fuel in order to reduce emissions 
of unbumed hydrocarbons. The most common oxygenate was methyl tert butyl 
ether (MTBE) which has a high octane number (RON 120). Ethanol (RON 99) is 
used to a lesser extent. Table 1.7 outlines the gasoline specifications in the US, the 
European Union and in Japan for year 2000 and 2005. 



Table 1.7. Gasoline specifications for the US, the European Union and Japan [74-76]. 



Specifications 


USA 


EU 


Japan 


Max. values 


2000 


2000 


2005 


2000 


RVP [kPa] 




60 




78 


S [wppm] 


50 


150 


50 


100 


0 [wppm] 


2.2 


2.7 






Benz. [vol%] 


1.0 


1 




1 


Arom. [vol%] 


35 


45 


35 




Olef. [vol%] 


15 


18 






Lead (max.) [g/1] 


- 


0.005 


- 





The new regulations will have great impact on reformers operating conditions 
and refineries configuration. Reid vapour pressure constraints will result in 
eliminating butanes from gasoline. Reduction of the benzene content can be 
achieved by processing the C^ fraction by isomerization, by choosing reaction 
conditions disfavouring aromatics dealkylation (cracking) or by fractionation of 
the reformate. With aromatics being the main product from catalytic reforming 
and contributing most to the octane enhancement, aromatics reduction requires 
high amounts of other high-octane gasoline blending stocks. The alkylation and 
oligomerisation processes will likely become more important in the future, as the 
product is purely paraffinic, sulphur free and with high octane ratings. Olefins 
reduction sets an upper level of the amount of cracker naphtha as blending stock. 
Cracker naphtha is also practically the only source of sulphur in gasoline and the 
new specifications will require increased CCR hydroprocessing capacity. The use 
of MTBE, especially in the US, as an oxygen source and octane booster has been 
necessary in order to fulfil the specifications for unleaded gasoline. However, the 
high stability and high solubility of MTBE in water was not anticipated by the 
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industry and USA is faced with groundwater contamination due to unavoidable 
leakage. Odour and taste problems and questions regarding the toxicity of MTBE 
are about to ruin a number of large drinking water reserves. The use of MTBE is 
likely discontinued within two or three years. As a new main source of oxygen, 
other compounds such as methyl carbonate and ethanol (used in parts of the world 
already), will have to be considered. 



1.4.2 Reforming Outlook 

The demand for aromatics for the petrochemical industry (BTX) and for high- 
octane gasoline will increase, especially in the developing countries of the world. 
Because of gasoline regulations, the importance of the reforming process as a 
gasoline supplier will be reduced. However, refineries are dependent on the 
valuable hydrogen produced by reforming for hydroprocessing purposes. In the 
future, gasoline-range components in the crude oil (naphtha) will likely be 
fractionated and the different components converted by various processes accor- 
ding to their potentials. For instance, the isomerization reaction equilibria 
favoured by low reaction temperatures have suffered in the reforming process. 
Although the reforming process and the reforming catalysts are considered 
mature, the research for more stable and more selective catalysts will continue. 
Advanced research instrumentation gives a better understanding of the chemistry 
involved. New speciality materials with strong shape selective properties (such as 
zeolites) may have potentials as future catalysts. 

The main purpose of catalytic reforming is to produce high-octane gasoline 
components. Due to environmental concern of the ever-increasing number of cars, 
focus is recently been put on fuel cell cars using H 2 as the fuel. H 2 is a clean and 
very efficient energy carrier and is by many believed to be the fuel of the future. 
H 2 can be produced from a number of sources including water, but it is most likely 
that oil and gas will be the main source of H 2 . H 2 can be produced in large units, 
filled and stored onboard the vehicle or it can be produced onboard by reforming 
of liquid fuels such as methanol or straight run gasoline. In any case such a 
development will have a great impact on the refinery configuration and in 
particular on catalytic reforming. 
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Abstract. In this chapter, the most important applications of zeolite catalysts in the refining 
and petrochemical industries are highlighted. In an introductory section, the key features of 
zeolites and the methods for tailoring their properties related to their application as catalysts 
are briefly discussed. A short overview of the preparation of synthetic zeolites is also 
included. One major section deals with zeolite applications in petroleum refining. Processes 
such as catalytic cracking, isomerisation of light gasoline and light alkenes, isobutane 
alkylation and conversion of methanol to gasoline or olefins are addressed. The versatility 
of zeolite catalysts is reflected in the section on applications in petrochemistry. Here, the 
manufacture of alkylaromatics as well as oxidation, ammoxidation and amination reactions 
are treated. 



1. Introduction 



Since the early 1960s the application of zeolites in heterogeneous catalysis has 
been continuously expanding. Nowadays, a plethora of chemical reactions has 
been found to benefit from zeolite catalysis. It was the availability of phase-pure, 
synthetic zeolites through the pioneering work of Barrer and Milton that enabled 
researchers to systematically investigate zeolites as solid catalysts in a variety of 
chemical conversions. Above all, the introduction of the synthetic zeolites X and 
Y in the fluid catalytic cracking (FCC) process in 1962 marked the beginning of 
industrial zeolite catalysis which has nowadays found numerous applications, 
mainly in petroleum refining and petrochemistry. Beside those traditional areas, 
new applications of zeolite catalysts, e.g., in the manufacture of organic 
intermediates and fine chemicals, are steadily emerging. Although zeolites as 
multifunctional materials are increasingly utilized in other areas, such as sensor or 
membrane technology, their main application - especially in terms of financial 
market size - still lies in heterogeneous catalysis. 

This review covers the basic principles of zeolite catalysis including a short 
outline on zeolite synthesis and the methods of post-synthesis modification. Due 
to the intense research efforts in the past decades some areas of catalysis by 
zeolites have reached a certain level of maturity, and a wealth of scientific studies 
and numerous reviews and textbooks are devoted to zeolite catalysis [1-4]. An 
exhaustive and comprehensive treatment of zeolite-catalyzed reactions on the 
limited number of pages allotted to this contribution is therefore impossible, nor is 
it intended. Instead, the most prominent and important examples for zeolite 
applications in industrial catalysis have been selected and serve to demonstrate the 
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versatility of zeolites as solid catalysts. For more details, the reader will be 
referred to original works or review articles in the corresponding sections. 



2. Nomenclature (what is a Zeolite?) 

According to a widely accepted definition given by Barrer [ 5 ] and Breck [6], 
zeolites are crystalline aluminosilicates with a negatively charged macromolecular 
inorganic framework. This framework is comprised of intracrystalline channels 
and voids with characteristic geometry and architecture which contain freely 
mobile and exchangeable cations for charge compensation and reversibly ad- 
sorbed water. The general formula 



Me^J(A10,X(Si0,y nHp 



reflects the chemical composition of zeolites, where Me stands for a metal cation 
with the positive charge z. The three-dimensional network consists of neutral 
Si04/2~ and negatively charged [A104/2]"-tetrahedra (generally TO4/2) that share 
common oxygen atoms. The density of negative charges on the framework is 
consequently determined by its aluminum content (x/(x+y)) or the framework 
ng/n^j-ratio. Due to charge density restrictions, two tetrahedra cannot be 

directly adjacent, and the n^/n^, -ratio is, hence, always > 1 (Lowenstein' s rule [ 7 ]). 

The structure of zeolites can be thought of to be generated by connecting the 
T04/2"tetrahedra as the primary building units via oxygen bridges to so-called 
secondary building units (SBU) which typically represent cages within the zeolite 
structure. Some of these SBUs, such as the sodalite or the pentasil units, are 
displayed in Figure 1 in a way that the vertices represent the T-atoms of the 
primary T04/2-units and two adjacent T04,2-units are linked via their common O- 
atom along the connecting line. Further linking of the SBUs leads to tertiary 
building units, e.g., layers, which are eventually connected to generate the zeolite 
structure with its characteristic pore system. For example, the 14 T04/2-tetrahedra 
of the pentasil unit are first connected to chains, then, by mirror imaging of those 
chains, to planes which are finally stacked together to form the framework 
structure of zeolite ZSM -5 and its all-silica (n^/n^, = 00) analogue silicalite- 1 . Two 
systems of intersecting pores, one being straight the other sinusoidal, make up the 
three-dimensional channel structure of this zeolite. The cross section of the pores 
of zeolite ZSM -5 is confined by a ring of 10 T04/2-tetrahedra, ZSM -5 is therefore 
referred to as a 10 -membered-ring zeolite. Other zeolite structures have 
unidimensional systems of parallel pores such as zeolites ZSM -22 or ZSM -12 
(Figure 1 ). A broad structural diversity of geometries and dimensions of pores, 
channels or cages in zeolite structures exists which is addressed in the following 
section (vide infra). 

According to the classification of Liebau et al [ 8 , 9 ], zeolites, which are 
members of the family of tectosilicates, represent one of two sub-classes of the 
porolites (or porosiles for the purely siliceous analogues) beside the clathralites 
the windows of which are formed by six T04/2-tetrahedra. 




The Application of Zeolites in Catalysis 163 





je— 0.57 nm 
ri X 0.61 nm 




ZSM-22 





j«-0 45 nm 
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Fig. 1. Structures of four selected zeolites (from top to bottom: faujasite or zeolites X,Y; 
zeolite ZSM-12; zeolite ZSM-5 or silicalite-1; zeolite Theta- 1 or ZSM-22) and their 
micropore architecture and dimensions. 



Among the unique features of zeolites compared to more conventional catalysts 
or catalyst supports are (i) their strictly uniform pore diameter and (ii) their pore 
width in the range of molecular dimensions. This uniform pore diameter of 
zeolites in the micropore range (dp < 2.0 nm) is depicted for selected zeolites in 
Figure 2 as opposed to the broad pore size distribution of two typical macroporous 
solids (dp > 50 nm), Le., silica gel and activated charcoal. Also shown is the pore 
width of the recently discovered M41S family of materials [10], the most 
prominent example being MCM-41 with a hexagonal array of parallel channels, 
the diameter of which lies in the mesoporous range (2.0 nm < dp < 50 nm). While 
the pore size distribution of each individual member of the M41S-type materials is 
comparably narrow as that of zeolites, the pore diameter can be adjusted over the 
indicated range via proper choice of the synthesis conditions. The term 
“mesoporous zeolites” that has been used for this class of solids is, however, 
imprecise in that, despite the regularly ordered pore system, the pore walls are 
amorphous in contrast to those of the crystalline zeolites. 

As a major consequence of their pore width in the order of molecular dimen- 
sions, zeolites can act as “molecular sieves”, a notion introduced by McBain in 
1932 [11] and meant to describe that only molecules up to a given size can enter 
the voids inside a given zeolite. At the same time, these spatial constraints inside 
the zeolite pores enable shape-selective catalysis, a principle on which numerous 
industrial processes are based {cf. section 4). 

Almost 250 years after the term “zeolite” has been coined by Cronsted [12], it 
is nowadays used in a much broader sense. Beyond the definition given above, it 
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Fig. 2. Typical pore diameter distributions of porous solids (K-A is the form of zeolite 
A, VPI-5 is a microporous aluminophosphate with 18-membered-ring pores; for the 
description of M41S materials see text). For comparison, the kinetic diameters of water, 
methane and neopentane are also indicated. 



encompasses the aluminum-free pure silica analogues of the zeolites as well as 
alumino- or gallophosphates with zeolite-like framework structures. Also included 
are crystalline porous silicates in which the T-atoms of a zeolite network are 
isomorphously substituted by other elements than Al, such as B, Ga, Ge, P, Ti, Fe, 
V or Co. All these zeolite-related materials containing elements other than silicon 
and aluminum are sometimes referred to as “zeotypes” after Dyer [13]. The 
regular array of micropores with well defined dimensions is the unifying principle 
which renders this wealth of materials attractive for catalysis (and other 
applications). 



3. Broad Variety of Zeolite Structures Available Today 

A broad variety of zeolite structures is known today including, beside those of 
merely synthetic materials, also those of the naturally occurring zeolite minerals. 
The number of reported zeolite structures is steadily growing as new synthetic 
strategies are being developed and computer-assisted techniques allow the 
analysis of increasingly complex structures and suggest hypothetical, but yet 
unknown topological frameworks [14]. 98 structures are included in the 1996 
issue of the Atlas of Zeolite Structure Types [15], and an additional 35 structures 
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have up to date (January 2001) been approved by the Structure Commission of the 
International Zeolite Association (IZA). This commission maintains a database of 
zeolite structures providing detailed crystallographic information on the internet 
[16]. In the course of their discovery, synthetic zeolites have been labelled in 
different ways, e.g., after isostructural minerals (faujasite, mordenite, ferrierite), 
alphabetically (zeolites A, X, Y or Alpha, Beta, Omega) or by acronyms of the 
academic or industrial laboratory where they have first been synthesized (ZSM 
(Mobil), EU (Edinburgh University, ICI), SSZ (Chevron)) followed by a running 
number. Zeolites with different names may therefore have the same structure. For 
unification the Structure Commission of the IZA has assigned each of the 
approved structures a mnemonic three-letter code such as MFI for zeolite ZSM-5 
and silicalite-1 or FAU for zeolites X and Y (isostructural to the mineral faujasite). 

Rather than the exact crystallographic topology, it is the architecture and the 
spaciousness of the pore system of a zeolite that is of prime importance for its 
catalytic performance. First of all, the pore width decides which molecules will be 
able to enter the intrazeolitic voids. Figure 3 shows the range of the 
crystallographic pore width in dependence of the number of tetrahedra that form 
the ring circumscribing the pore. In cases of structures with different pore systems 
or deviations of the cross section from circular, the largest pore diameter is 
indicated. The total number of zeolite structures with the respective number of 
ring atoms is also given in the Figure. The vast majority of zeolites has pores 
confined by 8-, 10- or 12-membered rings, referred to as narrow, medium or large 
pores, applications, because virtually all species involved in chemical reactions do 
not fit through the narrow pore apertures. Super-large pores with more than 12- 
membered rings have so far not been observed with aluminosilicate zeolites, but 




Fig. 3. Range of crystallographic pore diameters of zeolites approved by the Structure 
Commission of the International Zeolite Association (IZA) [16]. 
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only with alumino- or gallophosphates such as AlPO^-S (14-membered rings), 
VPI-5 (18-membered rings) or cloverite (20-membered rings). Generally, it should 
be noted that under conditions of catalytic conversions the zeolite lattice is often 
very flexible and dynamic so that the effective pore width may considerably 
exceed the crystallographic one. Beside the pore diameter also the dimensionality 
as well as the spaciousness or particular local constraints within the pore system 
exhibit an important influence on catalytic processes. Especially the catalytic 
potential of zeolites with intersecting channels or cavities of different diameters 
like NU-87, EU-1 or SSZ-24 have yet been explored only scarcely [17]. 



4. Properties of Zeolites 

that Render them Attractive as Catalysts 

One of the main properties that make zeolites attractive catalysts for a broad 
spectrum of chemical conversions is their high thermal stability. While most 
zeolites remain intact at temperatures up to ca. 650 °C, structural collapse of some 
high-silica zeolites only occurs at temperatures above 1000 °C [18]. In the 
following, three further key properties of zeolite catalysts, namely acidity, shape 
selectivity and the concentration effect, will be briefly addressed. 



4.1 Acidity 

The increased acidity of zeolites compared to amorphous silica-alumina catalysts 
has been an important factor for their successful use in industrial catalytic 
applications. For an unambiguous description of the solid-state acidity of zeolites 
a clear distinction of the following parameters is required: 

• the nature (or type) of the acid sites, i.e., Brpnsted versus Lewis acidity, 

• the density (or concentration or, less precisely, the number) of the acid sites, 

• the strength (or, more precisely, the strength distribution) of the acid sites, 

• the location of the acid sites within the zeolite framework (accessibility for 
reactants) and at the external versus internal surface and 

• the geometric distribution of the acid sites over the zeolite crystal. 

Both Br0nsted and Lewis acid sites occur in zeolites. As clearly shown by 
Jacobs [19] and Karge [20] using IR spectroscopy, it is now established that the 
strong Brpnsted acid sites are bridging OH-groups consisting of hydroxyl protons 
associated with framework oxygen ions bonded to negatively charged tetra- 
hedrally coordinated framework aluminum (SiOHAl). The maximum density of 
those acid sites is therefore directly related to the charge density of the 
poly anionic zeolite framework, i.e., to the ng/n^j-ratio. As the density of aluminum 
atoms in the zeolite framework increases {Le., the framework n^/n^j-ratio 
decreases), the strength of the Br0nsted acid sites decreases. Quantum chemical 
calculations indicate that this effect has its origin in the lower electronegativity of 
aluminum versus silicon atoms in the vicinity of a given Al-OH group (concept of 
the next nearest neighbors, NNN [21]). Thus, an isolated Al-OH surrounded by 
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silicon atoms only is predicted to have the highest acid strength. Consequently, the 
variation of the density of aluminum atoms in the zeolite framework represents an 
important tool to adjust the strength and density of acid sites in zeolite catalysts. 
Similarly, the acid strength may be tuned (in most cases lowered) by incorporating 
other trivalent elements such as B, Ga or Fe in the zeolite framework or by 
exchanging cations on extra-framework positions at constant n^/n^, -ratio. It is also 
obvious, that the bond angles of the Si-O-Al bonds, i.e., the zeolite structure and 
the crystallographic position of the atom bearing the OH-group, exhibit an 
influence on the acid strength, although this is less pronounced than that of the 
n^/n^, -ratio [22]. 

The most important ways to generate Brpnsted acid sites in zeolites are through 
ion exchange (see sub-section 6.1). The cations present in a zeolite can be directly 
exchanged by protons only, if the zeolite is sufficiently resistant to aqueous mine- 
ral acids. In many instances, however, mineral acid treatment causes framework 
dealumination or even structural collapse. Preferably, an ion exchange with 
aqueous ammonium salt solutions is applied followed by a thermal decomposition 
of the ammonium ions in order to yield the proton form of the zeolites according 
to 



NH; + Na"Z ^ NH;Z -> H^Z . (1) 

- Na" - NH 3 

Brpnsted acid sites are also obtained by ion exchange of a multivalent cation like, 
e.g., La^^, Mg^^, Ca^^, with subsequent partial dehydration of the coordination 
sphere of the metal cation at elevated temperature. Under the influence of the 
strong electrostatic fields of the dehydrated cation, the last water molecules 
remaining coordinated dissociate into a proton bonded to the zeolite framework 
and a hydroxide ion still bonded to the metal. This pathway of acid site formation 
is known as the Hirschler-Plank mechanism [23,24]. 

~300°C 

[La(H,0)„]^* + 3 Na^Z -> [La(H,0)„]^* (Z\ 

- 3 Na" - (n-2) Hp 

[(LaOH)(H,0)]^^ r (Z\ ^ [La(OH)J^ (H^, (Z),. (2) 

When a noble metal cation is reduced by hydrogen, e.g., during the preparation of 
a bifunctional zeolite catalyst, Brpnsted acid sites are formed inevitably (eq. (3)). 

~300°C 

[Pt(NH3)J^^ + 2 Na^Z ^ [Pt(NH3)J^^ (Z\ ^ 

- 2 Na" - 4 NH 3 

Pt^"(Z), ^ Pt^2H"Z. (3) 

Lewis acid sites in zeolites are usually formed upon heating the proton forms to 
temperatures above ca. 500 °C where the cleavage of water from the zeolite 
surface occurs (“dehydroxylation”). As proposed by KUhl [25] and later confirmed 
by IR spectroscopic measurements [26] the true Lewis acid sites are represented 
by [AlO]^ units which are removed from the zeolite lattice upon heating. 
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Zeolites with basic sites are also available today, and an increasing amount of 
investigations are concerned with this topic [27,28]. Basic sites can, for instance, 
be generated by oxide clusters of alkali metals that are introduced into the zeolites 
by ion exchange of alkali metal ions or by impregnation of the zeolite with alkali 
metal salts followed by thermal treatment. 

A multitude of techniques for the characterization of zeolite acidity have been 
applied. Among these are titration techniques, temperature-programmed de- 
sorption of preadsorbed bases and microcalorimetry [29]. Spectroscopic methods 
like IR- and MAS NMR- spectroscopy also provide most valuable information on 
the acidity of zeolite catalysts which is covered in an excellent recent review [30]. 
Continuous progress is also being made in the modeling and description of acid 
sites in zeolites by quantum chemical methods [31,32]. Since the catalytic activity 
of zeolites in hydrocarbon conversions is directly correlated to their acidity 
(density and strength of Brpnsted acid sites) the catalytic activity of a zeolite in a 
test reaction can be exploited as a measure for its acidity. As test reactions, the 
disproportionation of ethylbenzene [33,34] and cracking of hydrocarbons, e.g., n- 
hexane (Alpha- test) [35,36], have been recommended depending, inter alia, on the 
pore width of the zeolites to be evaluated. 

Due to their crystallographically defined positions the acid sites are often 
uniformly distributed over the zeolite crystallites. It may, occasionally, occur that 
the framework aluminum atoms and, hence, the acid sites, are concentrated in 
regions close to the external surface or, conversely, at the center of the zeolite 
crystals (“zoning”). 



4.2 Shape Selectivity 

The fact that the dimensions of the species involved in chemical reactions are of 
the same order of magnitude as those of the pores and cavities of zeolites often 
imposes a strong influence on the selectivity of zeolite-catalyzed reactions. A 
catalytic reaction proceeds in a shape-selective manner, if its selectivity depends 
unambiguously on the pore width or pore architecture of the solid catalyst [37]. 
Shape selectivity is a unique feature of heterogeneous catalysis by zeolites. 
Several reviews and monographs on shape- selective catalysis are available, e.g. 
refs. [4,37,38]. 

Whether or not shape selectivity occurs in a particular case, does not only 
depend on the pore system of the zeolite catalyst, but also on the dimensions of the 
species involved, i.e., the reactant molecules, the products molecules, the reaction 
intermediates and the transition states. After the classical concept of Weisz [39] 
and Csicsery [40] shape selectivity effects are usually classified into the three 
different types exemplified in Figure 4. 

Reactant Shape Selectivity 

This case of shape selectivity is encountered, if only those reactant(s) can be 
converted that are of proper size to enter the intrazeolitic pores. Consequently, the 
reaction is selective towards the conversion of slim and slender reactant mole- 
cules, whereas bulkier molecules that cannot diffuse into the zeolite pores are 
excluded from being converted. 
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Product Shape Selectivity 

When a chemical reaction inside a zeolite leads to products of different molecular 
size, the diffusion of the smaller product molecules out of the zeolite pores will be 
preferred, and only this product may be detected in the reactor effluent. The other 
product which is too bulky to leave the zeolite pores may undergo consecutive 
reactions to either smaller molecules or to higher molecular species that remain 
adsorbed in the zeolite, eventually leading to catalyst deactivation by pore 
blockage. Product shape selectivity may be viewed as the reverse of reactant shape 
selectivity. 

Restricted Transition State Shape Selectivity 

Under the local constraints inside a zeolite pore one reaction may be favored over 
other parallel or consecutive reactions, if the corresponding transition state (or 
intermediate) is less bulky. For instance, the pores of a zeolite may provide 
sufficient space for the transition state of the intramolecular isomerisation of meta- 
xylene, while the transition state of the bimolecular transalkylation reaction is too 
bulky to be accommodated inside the pores and, hence, no disproportionation 
products can be formed (Figure 4). 

From the above definitions it is obvious that both reactant and product shape 
selectivity are based on mass transfer effects, i.e., the diffusion into or out of the 
zeolitic pore system. Restricted transition state shape selectivity, by contrast, 
results from intrinsic chemical effects due to the steric demand of the transition 
state (or intermediate) in the confined environment of the intrazeolitic voids. In 
contrast to the latter the extent of reactant and product shape selectivity depends 
on the diffusion path length, Le., the size of the zeolite crystallites. 

The progress in catalysis by zeolites and related microporous materials has also 
brought about many new examples for shape selectivity effects. Thus, the 
utilization of shape selectivity is no longer restricted to acid-catalyzed hydro- 
carbon conversions, but applications in redox reactions [42] and photochemistry 
[43] have been reported as well. Similarly, the sophistication of the utilization of 
shape selectivity effects in catalysis by zeolites has been considerably increased, 
on the one hand, by the availability of an increasing number of zeolites with 
different pore geometries and structures and, on the other hand, by the 
improvement of post- synthetic modification techniques which allow the tailoring 
of pore sizes (pore size engineering), such as ion exchange or chemical vapor 
deposition {cf. section 6). 

The effective pore width of zeolite catalysts under operating conditions can be 
probed by exploiting the effects of shape selectivity. Several hydrocarbon con- 
versions have been thoroughly investigated for this purpose and may be re- 
commended as test reactions depending, for instance, on the range of the pore 
diameter and on the nature of the catalyst (mono- or bifunctional) to be evaluated 
[41]. 
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Fig. 4. Classification of shape selectivity effects in zeolite catalysis after Weisz and 
Csicsery, adapted from ref. [41]. 



In extension of the classical idea of shape selectivity according to Weisz and 
Csicsery, some new concepts have evolved to explain more recent research results 
of zeolite catalysis. These include the cage or window effect, inverse or secondary 
shape selectivity, molecular traffic control and keylock or pore mouth catalysis. A 
critical discussion of these concepts may be found in ref. [37]. 
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4.3 The Concentration Effect 

At variance to catalytic conversions in homogeneous phases the concentration of 
reactants at or near the catalytically active sites on solid catalysts is dependent on 
adsorption equilibria. Adsorption capacity and affinity on zeolites is widely 
determined by their specific pore volume and by the hydrophilic/hydrophobic 
properties of the internal surfaces. At the maximum loading, which is reached with 
zeolites already at comparably low relative pressures of the adsorptives, the 
adsorbate is often present in a “concentrated”, liquid-like state filling the acces- 
sible pore volume of the zeolite. A reactant adsorbed inside a zeolite catalyst may 
therefore experience - in addition to the electrostatic fields of the inorganic zeolite 
framework - a reaction environment resembling that of a liquid phase at high 
pressure. This effect has been convincingly demonstrated by the rate enhancement 
of Diels- Alder reactions if conducted in zeolite catalysts, e.g., the 
cyclodimerization of butadiene [44]. Other effects of the surface concentration of 
reactants or products on zeolite surfaces may also be used to direct the selectivity 
of a catalytic conversion. For instance, alcohols have been added as co-adsorbents 
to the cyclohexanone oxime feed in the zeolite-catalyzed Beckmann rearrange- 
ment in order to facilitate desorption of the product e-caprolactam by competitive 
adsorption [45]. 

5. Hydrothermal Synthesis of Zeolites 

The increasing demand of zeolitic materials for industrial applications had an 
important impact on the development of procedures and strategies for the 
production of synthetic zeolites. Naturally occurring zeolites, although available in 
considerable amounts, almost always suffer from shortcomings preventing their 
application as catalysts, such as the association with other, partly amorphous, 
phases, the contamination with unwanted impurities or poor (hydro)thermal 
stability. Moreover, the limited number of naturally available zeolite types and the 
narrow range of their framework compositions, crystallite sizes and morphologies 
call for synthetic materials with constant product quality and properties sensibly 
tailored towards the particular catalytic application. This section gives a short 
overview of hydrothermal zeolite synthesis and exemplifies the industrial pro- 
duction of faujasite and zeolite ZSM-5 which are by far the most important 
zeolites from the viewpoint of catalysis. 



5.1 General Aspects 

Hydrothermal synthesis is by far the most important route to zeolitic materials, 
both on the laboratory and on the industrial scale. The general conditions closely 
resemble those of the formation of natural zeolite minerals. However, synthesis 
conditions are adapted to accomplish significantly faster zeolite formation, e.g., by 
higher temperature or higher alkalinity of the synthesis mixture. For more recent 
approaches to zeolite synthesis including the fluoride route (fluoride ions as 
mineralizing agents), the crystallisation from non-aqueous solvents, the dry-gel 
synthesis route or the application of microwave heating, the reader is 
recommended to consult refs. [46-49]. 
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Starting Compounds for Zeolite Syntheses 

Since zeolite synthesis commonly involves condensation of smaller species and 
structural (re)orientation of loosely bonded amorphous networks, the starting 
compounds need to be sufficiently reactive. Typical sources of aluminum include 
sodium aluminate (NaA102), aluminum salts A1(N03)3 ‘ ^ H2O, Al2(S04)3 • 18 H2O) 
or (freshly precipitated) aluminum hydroxide, and sources for silicon are sodium 
silicate, e.g., waterglass, silicic acid, silica gel, silica sol and silicon alkoxides. In 
special cases, clays or other solid aluminosilicates serve as precursors for zeolitic 
materials. Alkali metal hydroxides or other strong bases such as ammonia are 
added to obtain a high pH of the synthesis mixture in the range of 10 to 14, and 
complex or organic cations play a vital role as structure-directing agents (vide 
infra). 

Typical Synthesis Procedure 

The typical steps that are part of a zeolite synthesis are schematically illustrated in 
Figure 5. First, two or more separate reactant solutions or suspensions are 
prepared and slowly mixed in a defined order at low temperature. Commonly 
under vigorous stirring and occasionally after adjustment of the pH, a gelation 
process is initiated leading to an amorphous gel phase consisting either of 
homogeneously dispersed species (cross-linked sol particles) or of a separate solid 
phase (dense aggregates of sol particles). Initiated by the mineralizing agent OH", 
mono- and small oligomeric silicate units, e.g., SiO(OH)3", Si02(0H)2^~, 
Si40g(OH)/~, are liberated from the gel into the solution. Their nature and 
distribution depend on the pH and the total silicate concentration of the mixture. 
This solubilization is accompanied by a condensation of silicate species with for- 
mation of structurally diverse oligomers or clusters ("precursors" in Figure 5) 
under the influence of a structure-directing agent, if present. Such oligomers, as 
characterized in synthesis gels and silicate solutions by ^^Si NMR studies [50], are 
depicted in Figure 6. These oligomers are obviously precursors for the secondary 
building units of the zeolite frameworks (cf. section 2). After homogenizing the 
synthesis gel as a vital step for successful zeolite preparation, the synthesis gel 
may be aged for a time between some hours and several days to allow for both 
further cross-linking and partial dissolution of the amorphous silicate framework. 

For crystallisation of the solid zeolite the synthesis gel is placed in a sealed, 
temperature-resistant vessel. High-silica zeolites are crystallized in steel auto- 
claves at temperatures typically ranging from 100 to 250 °C and accordingly 
elevated pressure [51], whereas crystallisation of low-silica zeolites is usually 
carried out at lower temperatures of 70 to 100 °C [6,52] where polypropylene 
bottles can be used. During heating-up of the synthesis mixture an increasing 
amount of the gel and other oligomers formed initially at low temperature is 
dissolved leading to an increasing amount of silicate and aluminate anions as 
mono- and dimers, until eventually a high level of supersaturation is reached and 
crystallisation nuclei are formed by association of the silicate mono- and dimers. 
This nucleation process is responsible for an induction period frequently observed 
in zeolite formation and is decisive for the structure type of the zeolite phase that 
will crystallize. It is dependent, among other parameters, on the heating rate and 
the nature and concentration of structure directing-agents present in the solution. 
In some cases, for instance, when nucleation is kinetically limited or when nuclei 
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Fig. 5. Schematic representation of the steps leading to zeolite formation by hydrothermal 
synthesis, adapted from ref. [46]. 
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Fig. 6. Silicate oligomers characterized in solution at low temperature by ^Si NMR 
spectroscopy [50]. 



leading to two or more different zeolite phases can form simultaneously, 
crystallisation seeds or nucleation gels are added to the synthesis gel before raising 
the temperature, in order to direct the crystallisation towards the desired zeolite 
product. After nucleation has started, extended structures are built and crystal 
growth occurs. Since the rate of mass transfer of primary building units to the 
nuclei or the expanding particles exerts an important influence on the rate of 
crystal growth relative to that of nucleation, crystallisation is carried out either 
under static or under dynamic conditions (stirring or shaking), depending on the 
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zeolite to be synthesized. Typical durations for the crystallisation of zeolites are in 
the range of one to several days. 

Since zeolites are, by nature, thermodynamically metastable phases, a rapid 
quenching of the synthesis mixture after completion of the crystallisation period is 
necessary to avoid that the zeolite undergoes unwanted phase transformations. 
Finally, the solid product is separated from the mother liquor by filtration or 
centrifugation, thoroughly washed and dried. Organic molecules occluded in the 
zeolite during synthesis and occupying space inside the pores that needs to be 
available for the reactant and product molecules of a catalytic reaction are usually 
removed by a thermal and/or oxidative destruction (calcination). Defined con- 
ditions for this treatment are necessary in order to avoid structural collapse of the 
zeolite framework. 

Factors Affecting Zeolite Synthesis 

The chemical composition of the synthesis gel can be regarded to have the most 
important influence on the processes occurring during zeolite formation. Thus, the 
nucleation and crystallisation kinetics are affected by the nature and concentration 
of the species present in the synthesis mixture. Above all, the pH, Le., the 
alkalinity of the synthesis mixture is of crucial importance, since it affects 
dissolution and condensation rates of the intermediate species. The synthesis gel 
composition also exerts a strong influence on the type of zeolite being formed as 
well as on its properties, such as its framework Ug/n^, -ratio, the aluminum 
distribution and the crystallite size and morphology. 

The composition of a synthesis gel is commonly characterized by the relative 
molar ratios of the components in their oxide form, although the oxides may not 
have been actually added to the synthesis mixture. 



a AI2O3 • b Si02 • c M2O • d H2O • e R2O 



Here, M and R stand for an inorganic and an organic cation, respectively, and a, b, 
c, etc. represent the molar ratios with a mostly taken as unity for a reference point. 
It is also common to calculate particular molar ratios with a known influence on 
the product, for instance or to characterize gel compositions. In 

a system with the same starting materials and under a constant set of conditions, 
the molar ratios of the components determine what type of zeolite can be obtained. 
The compositional range in which a certain zeolite type forms is called the 
crystallisation field of the zeolite. Frequently, such crystallisation fields are 
represented within triangular diagrams, as shown in Figure 7 [ 53 ]. The figure 
shows that the crystallisation fields for different zeolites are of different dimension 
and shape indicating that the composition of a gel from which a certain zeolite 
crystallizes can be rather narrow or broad. Note that, according to the Lowenstein 
rule (cf section 2), zeolites with Ti^i02^n^h02 ^ do not exist and, 

hence, the right half of the triangular diagram displayed in Figure 7 in all instances 
remains empty. 

The conditions during crystallisation mainly affect the nature of the solid 
product obtained and the time required for its formation. The transformation of the 
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Fig. 7. Crystallisation fields for zeolites X, Y and A from the system Na 20 -Al 203 -Si 02 -H 20 
at 100 °C and a water content of 90 to 98 mol-%, after ref. [53] (HS: hydroxysodalite; left: 
sodium silicate, right: colloidal silica as silica source). The asterisks represent typical 
zeolite product compositions. 



amorphous gel into the crystalline zeolite is typically expressed in terms of an 
increasing relative crystallinity taking the final zeolite product as a reference. The 
crystallisation time must be carefully optimized for each zeolite synthesis. A 
prolongation of the crystallisation time often leads to unwanted phase 
transformations. According to Oswald's rule of successive phase transformation 
the thermodynamically least favorable phase crystallizes first and is transformed 
into the more stable, and, in most cases, denser phase like zeolite ZSM-5 via mor- 
denite to quartz [54]. Similarly, denser zeolite phases may form when 
crystallisation is conducted at higher temperatures. Nevertheless, an increase of 
the reaction temperature within a limited range usually brings about faster 
crystallisation. Under the hydrothermal synthesis conditions, the amount of water 
in the liquid phase, which is necessary to stabilize the pores of the forming solid, 
decreases with temperature. Thus, an upper temperature limit exists for the 
formation of each specific zeolite and of zeolites in general [46]. 

Both ageing and seeding generally have an accelerating effect on the 
crystallisation kinetics. While ageing shortens the induction period of zeolite 
formation due to facilitated build-up of nuclei, seeding allows crystal growth to 
start immediately without preceding nucleation. 

The role of templates or structure-directing agents (SDAs) in a synthesis gel is 
to direct the crystallisation towards the desired zeolite type. The influence of 
templates is not restricted to a single step, but may affect several processes during 
zeolite preparation. The chemical nature of templating agents is diverse and 
includes cationic species, both inorganic, e.g., Na^ K\ Ca^\ Sr\ and organic, e.g., 
quaternary (tetraethyl-, TEA^, tetrapropylammonium, TPA^ or diquatemary 
ammonium cations, e.g., 1,6-hexanediammonium (diquat-6), neutral molecules, 
e.g., ethers, alcohols and amines, or ion pairs. While some zeolite structure types 
only crystallize in the presence of one particular organic template, a given organic 
template may support the formation of several zeolite types. Thus, zeolites ZSM- 
4, ZSM-5, ZSM-23, and others, may be obtained in the presence of pyrrolidine. 
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However, the reverse case is also known, i.e., the synthesis of a given zeolite type 
with a variety of templates, such as ZSM-5 with amines, alcohols, quaternary 
ammonium cations [46,48,49]. 

The exact role of the templates in zeolite synthesis is not well understood, but 
approaches to a rational understanding are being developed and continuously 
refined on the basis of spectroscopic and computational methods, see, e.g., refs. 
[55-57]. One type of template effect is the stabilization of a certain zeolite 
structure by specific interactions with the framework like hydrogen bonds or 
charge matching. During synthesis, the template molecule is included in a 
preferred orientation and location inside the pores, channels or cages of the zeolite 
structure and fills a space corresponding to its size and shape (Figure 8). A true 
templating effect may especially work with cationic species in that they arrange 
silicate monomers in their immediate vicinity in a way that their condensation 
leads to cage-like structural units with the template molecule embedded in their 
center. According to Vaughan [58] primary and secondary cations can be 
distinguished. While the former promote the formation of extended structures like 
faujasite sheets, the latter control the pattern of connecting those extended 
structures to the final zeolite framework as illustrated in Figure 9 for faujasite and 
zeolite EMT. Still another template effect operates in the formation of the 
mesoporous materials of the M41S family [10]. Surfactant molecules arranged to 
micellar structures by self-assembly interact with the silicate species in solution 
and are occluded as shaped pore fillers during the silicate condensation (liquid 
crystal templating, LCT). This may be viewed as an additive effect on the 
precipitation of an amorphous silicate [59]. 




Fig. 8. Location of template molecules in zeolite structures: [(CH3)3N(CH2)gN(CH3)3]^^ in 
zeolite ZSM-50 (left) and [(CH3)3N(CH2)joN(CH3)3]^^ in zeolite NU-87, adapted from ref. 
[55]. 
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Fig. 9. Extended structures to explain the template effect in the formation of zeolites 
faujasite and EMT, adapted from ref. [56]. 



5.2 Faujasites 

The structurally identical large-pore zeolites X and Y are of major importance as 
adsorbents and catalysts. In particular, the high demand of zeolite Y as active 
catalyst for the FCC process has to be met by the synthesis of highly phase-pure 
and crystalline material on an industrial scale {cf. section 7.1). As indicated by 
their crystallisation fields {cf. Figure 7), zeolites X and Y can be synthesized from 
the same chemical sources and at similar conditions, but at a higher silica content 
than zeolite A which is mainly used as water softener in laundry detergents. In 
general, zeolite production is carried out batchwise, but continuous processes have 
also been developed [60]. The industrial synthesis of zeolite Y is achieved in the 
absence of organic templates and with typical gel compositions of AI 2 O 3 • ( 8 . 0 - 
10.0) Si 02 • (2.3-3.5) Na^O • (120-180) H 2 O. Figure 10 shows a schematic 
representation of industrial zeolite production starting from a silicate and an 
aluminate solution that are blended together to form the hydrogel. The time- 
consuming ageing step of one ore more days in earlier zeolite production is 
nowadays avoided by addition of seeding mixtures, often in colloidal form. The 
gel is subsequently transferred to open tank reactors with sizes of several cubic 
meters, sometimes above one hundred, where crystallisation occurs within 
24 to 72 h at 85 to 100 °C. Beside the nature and the purity of the raw materials it 
is, above all, the temperature, the crystallisation time and the reactant 
concentration that influence the quality of the final product. If the crystallisation 
time is too long, the denser phases zeolite P or cancrinite may form. 
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Fig. 10. Schematic representation of industrial zeolite production by the hydrogel process, 
after ref. [18]. 



Hydroxysodalite is the main product, if the water content of the hydrogel is 
reduced from 90-98 mol-% to 60-85 mol-% at otherwise constant reactant ratios 
[46]. 

Although zeolite Y as the major component of FCC catalysts is required with a 
high Ug/n^j-ratio for reasons of acid strength and hydrothermal stability, it is 
commercially synthesized with n^/n^, = 2.5 to 2.8 and subjected to post-synthesis 
modification to increase the silica content. This detour is more economic than the 
direct synthesis of the zeolite with higher silica content, since the reduction of 
^Na 2 o/^si 02 ^Na 2 (/^H 20 would rcquirc significantly longer crystallisation. 

Another industrial route to zeolite Y is the “kaolin conversion process” which 
is applied in numerous variations for the production of FCC catalysts, e.g., by 
Engelhard [61]. The advantage of this process is that the clay mineral serving as 
the starting material can be shaped to the desired catalyst particles before 
conversion to the zeolite phase. To induce zeolite formation a silicon source has to 
be added. For FCC catalyst production the conversion of clay to zeolite is 
intentionally incomplete, and the product is a matrix-embedded zeolite Y, thus 
avoiding separate steps of synthesis of the active zeolite phase and successive 
catalyst formulation. For instance, a suspension of both tempered and hydrated 
kaolin with zeolite seed crystals and sodium silicate is spray-dried to obtain 
microgranules, which are subsequently treated with sodium silicate and sodium 
hydroxide at 98 °C to obtain a catalyst containing >40wt.-% zeolite NaY [61]. 
This material is subjected to dealumination and ion exchange to obtain the active 
catalyst phase. 
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5.3 ZSM-5 

Zeolite ZSM-5 is of utmost importance for a vast number of applications that 
encounter shape selectivity effects as discussed later in this article. According to 
the original patent of Argauer and Landolt [62] the gels for synthesis of zeolite 
ZSM-5 have typical compositions in the range AI2O3 • 29 Si02 • Na20 • (9- 
17) (TPA)20 • (450-480) H2O. These gels contain the quaternary tetrapropyl- 
ammonium cation TPA^ as a template, but, as mentioned earlier, zeolite ZSM-5 
can be synthesized in the presence of many other structure-directing agents or 
even in the absence of any organics as well. Depending on the organic molecules 
present, different silicon and aluminum sources are preferred. Generally, the 
crystallisation temperatures are higher than for zeolite Y, i.e., 150 - 180 °C or even 
above 200 °C in case of organic-free synthesis gels. As a major advantage over 
synthetic faujasites, zeolite ZSM-5 can be obtained by direct synthesis in a broa- 
der range of n^/n^, -ratios, typically 13 to 50 in the absence and 15 to infinity in the 
presence of organic templates. Analcime or zeolite mordenite have been observed 
as by-products upon increasing and n^,2o/^si02 [46,48,63]. 

Moreover, the choice of synthesis gel compositions and crystallisation 
conditions allows zeolite ZSM-5 to be prepared with very different crystal 
dimensions and morphologies as well as distributions of aluminum over the zeo- 
lite crystal. ZSM-5 synthesized in the presence of organic cations is enriched in 
aluminum at the outer crystallite shell, whereas the aluminum content at the outer 
crystallite sphere is lower than the bulk when the synthesis gel is purely inorganic 
[46]. The control over these parameters by zeolite synthesis can be successfully 
utilized for tuning the catalytic properties of zeolite ZSM-5. 

6. Methods for Tailoring 

the Catalytic Properties of Zeolites 

Several methods for “post-synthesis modification” can be applied in order to tune 
the catalytic properties of the zeolites. The most important methods for post- 
synthesis modification of zeolites will be briefly addressed in the following. A 
recent review by Kiihl [64] provides more detailed and extensive information. 
Formulation and shaping of catalyst particles [65] can also be viewed as a post- 
synthesis modification step, but will not be treated here. 



6.1 Ion Exchange in Aqueous Suspension 

The polyanionic nature of the aluminosilicate framework is the basis for the ion 
exchange properties of zeolites. The charge-compensating cations can migrate out 
of the zeolite pores and be replaced by others, if selectivity is favorable. Ion 
exchange can be achieved by simple procedures and is commonly carried out by 
suspending the zeolite in an aqueous solution of a salt containing the cation to be 
introduced at room temperature or slightly above (up to ca. 85 °C) to facilitate the 
mass transfer of the in- and out-going species. This is usually done batchwise, 
often in several steps to obtain high exchange rates, but continuous processes are 
also applied in industrial practice [66]. Control of the pH is often necessary to 
avoid either structural damage of the zeolite at low pH or precipitation of 
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hydroxides onto the zeolite surface in the case of exchange with multivalent 
transition metal ions like Zn^^ or Co^^ at high pH. 

Formally, the exchange of the cations A and B can be represented by the 
equilibrium 



(z) + Zg a'"" (s) z^ b'"" (s) + Z 3 a'^" (z) (4) 



where z^, Zg are the cation charges, (z), (s) refers to the zeolite or the solution. The 
position of this equilibrium is reflected by ion exchange isotherms in which the 
equivalent fractions of cation A or B in the zeolite are plotted in dependence of the 
equivalent fraction of the same cation in solution. Examples for ion exchange 
isotherms for univalent metal cations with zeolites Na-X and Na-Y are shown in 
Figure 1 1 . While the theoretical maximum exchange capacity is determined by the 
framework ng/n^j-ratio, only partial exchange may be possible, for instance, if the 
cation is too bulky to fit into the small cages inside the zeolite structure. 

The exclusion of a cation from voids inside a zeolite is known as the “ion sieve 
effect”. Partial exchange is observed, e.g., for Rb^ and Cs^ which cannot penetrate 
the 6 -membered-ring windows of the sodalite cages of zeolite Na-Y and, thus, can 
only occupy cation positions inside the spacious supercages. The sodium cations 
are left in or even forced into the small cages and remain unexchangeable [67]. 
Similar limitations apply for cations with a high ion potential and, thus, a strongly 
bonded hydration shell like Li^, Mg^^ or La^^ [ 68 ], although slow ion exchange 
may occur in case of, at least partial, dehydration of the coordination sphere of the 
cation. 
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Fig. 11. Ion exchange isotherms of univalent cations in 0. 1 N aqueous solution at 25 °C 
with zeolite Na-X (n^/n^ = 1.23, left part) and with zeolite Na-Y (n^/n^ = 2.82, right part), 
after ref. [67]. 
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6.2 Solid-State Ion Exchange 

Cation exchange in zeolites can also be achieved by a solid-state reaction. The 
microporous solid in its ammonium or hydrogen form is intimately admixed with 
a salt of the metal to be introduced (mostly halides or oxides) and heated in a 
stream of inert gas to temperatures of up to 800 °C. The high temperature and the 
evolving hydrogen halide or water vapor during the ion exchange may cause 
partial damage to the zeolite framework. 

Solid-state ion exchange offers an interesting alternative to conventional ion 
exchange in aqueous suspension when (i) the cation with its hydration shell or 
coordination sphere is too bulky to enter the zeolite pores or (ii) the solid con- 
taining the in-going cation in the desired valence state is insoluble or unstable in 
water. For instance, Cu(I) can best be incorporated into zeolite Y by solid-state ion 
exchange with CuCl [69], and Hg 2 Cl 2 or AgCl can be used as water insoluble 
starting compounds for solid-state ion exchange in zeolites [70]. An example for 
case (i) has been described in ref. [71]: The noble metals Pt, Pd and Rh were 
introduced via solid-state ion exchange into the small-pore zeolites ZSM-58, ZK-5 
and SAPO-42. The successful introduction of the noble metals into the zeolite 
pores was proven by shape- selective hydrogenation of 1 -hexene from a gaseous 
mixture with 2,4,4-trimethylpent-l-ene. Conventional aqueous ion exchange fails 
for these small-pore zeolites due to exclusion of the bulky complex metal cations 
from the pores. 

In an excellent recent review, Karge and Beyer [72] discuss in much detail the 
techniques and opportunities of solid-state ion exchange in zeolites, including 
other variants of the method, such as contact-induced, vapor phase-mediated and 
reductive solid-state ion exchange, the potential of which for the preparation of 
zeolite catalysts still await complete evaluation. 



6.3 Framework Dealumination 

The term dealumination generally refers to the removal of aluminum from the 
zeolite framework, even though the overall aluminum content of the zeolite may 
not drastically change. Aluminum may still reside in the pores either on cation 
positions or as deposits of other compounds like amorphous silica-alumina or 
aluminum salts which is all referred to as “extra-framework aluminum”. Many 
procedures for framework dealumination are known which may be subdivided into 
thermal treatments, hydrothermal treatments, extraction of framework aluminum 
with acid and replacement of framework aluminum with silicon from silicon 
halides or hexafluorosilicate [64]. Due to the sometimes harsh conditions applied, 
creation of secondary pores (mesopores) and production of crystal defects with 
partial, but considerable loss of crystallinity can occur during dealumination. 

Dealumination may be brought about by heating the ammonium form of a 
zeolite to temperatures above 500 °C in the presence of steam. Based on early 
work of McDaniel and Maher [73] this method leads to the production of the 
industrially important ultrastable Y zeolites (USY zeolites) which maintain their 
structure up to 1000 °C. It has been found that the vacancies that are inevitably 
formed by removal of aluminum from the framework are replaced by silicon 
causing lattice stabilization [74]. The origin of the silicon is still a matter of some 
debate, sources which have been envisaged include amorphous parts from 
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structural damage of the zeolite or adjacent silicon atoms with a concomitant 
migration of the vacancies [75]. After steaming, the extra-framework aluminum 
species and amorphous particles are removed from the zeolite by washing with 
dilute acid or alkali. 

Dealumination by treatment with silicon halides or hexafluorosilicates offers 
the advantage of immediate annealing of the lattice vacancies due to aluminum 
removal by incorporation of silicon. Reacting zeolites with SiCl 4 vapor at 
temperatures of 250 to 500 °C in an inert atmosphere and subsequent washing of 
the solid product with dilute mineral acid directly leads to high-silica zeolites with 
> 100. The zeolites obtained are hydrophobic and mainly used as adsorbents 
for exhaust gas cleaning. A broad range of dealumination degrees can be obtained 
for many zeolite types by this method depending on the temperature and duration 
of the treatment [64,75]. Dealumination with (NH 4 ) 2 SiF^ occurs in aqueous 
solution at ca. 90 °C and can be applied to zeolites Beta and Y, although some- 
what lower dealumination degrees are attained as compared to the treatment with 
SiCl^. The dealumination of zeolite Y with (NH 4 ) 2 SiFg is applied on an industrial 
scale in the manufacture of FCC catalysts. Similar to solid-state ion exchange, 
dealumination of the zeolites L, ZSM-5, mordenite and Y can be achieved by 
heating a solid mixture of the zeolite with (NH 4 ) 2 SiF^ [76]. Other agents such as F 2 , 
CrCl 3 , H 4 EDTA, are also effective for framework dealumination of zeolites 
[64,77], but they are not used in industrial practice. 



6.4 Miscellaneous Modification Techniques 

As the reverse of dealumination, aluminum atoms may be inserted into the zeolite 
framework by reaction with AICI3 vapors or in aqueous solution with (NH4)3AlFg. 
Such methods that allow to change the chemical composition of zeolites by 
isomorphic incorporation of heteroelements into framework positions are referred 
to as '‘secondary synthesis''. They can now be applied to several zeolites, e.g., 
zeolites Y, mordenite and Beta, and to a variety of metals, viz. B, Ga, Fe, Ti, V 
and others [64]. 

The immobilization of transition metal complexes and chelates inside zeolite 
cavities is another method to modifiy the catalytic activity for redox reactions. 
Typical examples are phthalocyanines, salen, ethylenediamine complexes or 
metallocenes of Co, Cu, Fe or Ni [78]. These are introduced into the zeolite either 
by the flexible ligand method, i.e., by complexation of the transition metal with 
the preformed ligand inside the zeolite cavity, by ship-in-the-bottle synthesis, i.e., 
building-up the ligand for the complex from smaller units inside the zeolite 
cavities, or by occlusion of the preformed complex during zeolite synthesis. 

Methods for post-synthesis tailoring of the effective pore width of zeolites are 
summarized under the term "pore size engineering" [79]. These techniques 
include ion exchange {vide supra), chemical vapor deposition of metal chlorides 
(CVD), but also reactions of surface hydroxyl groups of the zeolite with alkoxides 
of Si, Ge, P, other metal-organic or macro-molecular compounds, with the aim of 
either filling spaces within the pores and channels for pore-size reduction or of 
selectively reducing the width of the pore entrances to obtain catalysts with tuned 
shape selectivity. 
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7. Zeolites as Catalysts in Petroleum Refining 

Zeolites are utilized as catalysts in a number of central processes in petroleum 
refining. In many of these processes they have replaced amorphous silica-alumina 
catalysts which are less strongly acidic and lack the opportunity of shape-selective 
conversion. In a recent review Naber et al. state: “If zeolites were not available 
today, the cost of refining worldwide would increase by at least 10 billion US $ 
per annum” [80]. Instead of a description of the processes themselves the 
emphasis of this section will be on the specific role and contribution of the zeolite 
catalysts, including feed options and product spectra. Table 1 gives an overview of 
the most important zeolites applied as catalysts in petroleum refining. It is 
apparent from this table that, in view of the large structural variety of zeolites 
nowadays available {cf. section 3), only a small number of these have actually 
found their way to industrial application. 



7.1 Fluid Catalytic Cracking (FCC) 

Fluid catalytic cracking (FCC) is applied to convert vacuum gas oil and, much less 
frequently, residues to more valuable C 3 - and C^-hydrocarbons, gasoline, light 
cycle oil (LCO), an aromatics-rich fraction in the boiling range of middle 
distillates, and heavy cycle oil (HCO) [81]. Of these, gasoline is by far the most 
abundant product. FCC represents the single most important application of zeolite 
catalysts consuming 40 % of the overall catalyst cost in the refining industry [82]. 
FCC is even the most widespread conversion process with a worldwide capacity 
of ca. 600 Mt/a and a zeolite catalyst demand of 300,000 t/a [80]. The higher 
activity of zeolites as compared to the previously used amorphous silica-alumina 
catalysts allowed to switch from fluidized-bed crackers to riser reactors with 
contact times of only a few seconds. Furthermore, increased gasoline yields at 



Table 1. Zeolite catalysts in petroleum refining processes. 



Zeolite 


Cation/Form 


Application 


Faujasite (Y) 


RE",H 


Ruid catalytic cracking 




Pd/H, Pt/H, 
Ni-Mo/H, Ni-W/H 


Hydrocracking 


Mordenite 


Pt/H 


Isomerisation of light gasoline 


L 


Pt/K, Pt/Ba,K 


Aromatization, Reforming of gasoline 


ZSM-5 


H 


M-Forming, 

Dewaxing, Huid catalytic cracking (additive), 




H 


Methanol to gasoline. 




Ga/H 


Aromatization of LPG^^ 


Erionite 


Ni/H 


Selectoforming 


Ferrierite 


H 


Isomerisation of light alkenes 


SAPO-11 


H 


Isodewaxing 



‘^RE : Rare earth 

^^LPG : Liquefied petroleum gas 
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lower rates of coke and gas formation (Figure 12, left-hand part) and higher 
stability are among the advantages of zeolite catalysts. 

Modem FCC catalysts typically contain 20 to 30wt.-% zeolite Y. Initially, 
zeolites exchanged with rare-earth cations (RE-Y) and a high density of acid sites 
were used. These catalysts were highly active for gasoline production, but the 
quality of the gasoline reflected by the research octane number (RON) and the 
motor octane number (MON) was relatively poor. This can be explained by a 
favored bimolecular hydrogen transfer from naphthenes to olefins, i.e., the initial 
cracking products, forming paraffins and aromatics (Figure 12, right-hand part). 
Nowadays, dealuminated zeolite Y is used as FCC catalyst obtained by post- 
synthesis treatments {cf. section 6.3). Dealumination also occurs to some extent 
under process conditions [3,81]. This dealuminated catalyst offers the advantages 
of (i) increased (hydro)thermal stability of the zeolite, also supported by rare-earth 
ion exchange, and (ii) a lower hydrogen transfer activity (which is often ascribed 
to the reduced density of acid sites [3,81]) and, thus, lower yields of aromatics and 
coke, but also a somewhat reduced overall gasoline yield. Above all, however, the 
increased cracking versus hydrogen transfer rate leads to an accelerated olefin 
formation and a correspondingly higher gasoline quality needed to meet the 
increasing demands towards high-octane fuels. The increased acid strength in the 
dealuminated zeolite causes some overcracking of the reactive alkenes to yield 
LPG that can be used for alkylate production (cf. section 7.6). As a rough measure 
for the balance between cracking and hydrogen transfer activity of commercial 
FCC catalysts, and, hence, between gasoline quality and yield, the unit cell size 
(UCS) of the zeolite is frequently used, since it directly reflects the aluminum 
content of the zeolite framework [83,84]. 
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Fig. 12. Typical gasoline yield and composition in FCC over amorphous silica-alumina and 
over zeolite catalysts (LPG: liquefied petroleum gas; LCO: light cycle oil; HCO: heavy 
cycle oil). 
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Coke deposits are burnt off from the catalyst with air in a separate fluidized-bed 
regenerator at temperatures above 700 °C. These harsh regeneration conditions 
require a high (hydro)thermal stability of the zeolite to minimize dealumination 
and structural damage during operation. Other reasons for catalyst loss during 
FCC processing include mechanical abrasion in the riser reactor and the 
regenerator, ion exchange by salts or deposition of metals, above all vanadium and 
nickel, which are impurities of the feed, especially in distillation residues. 

Zeolite ZSM-5 is used as a catalyst additive, typically 0.5 to 3 wt.-%, to 
“boost” the octane number of FCC gasoline. This medium-pore zeolite 
preferentially cracks n-paraffins with the lowest octane number, mainly due to 
reactant shape selectivity, but also due to restricted transition state shape 
selectivity [86]. With zeolite ZSM-5 as an additive, slightly less gasoline is 
produced with a concomitant increase in the yield of LPG, especially of propene 
and butenes (Table 2). To supply even more of these lower alkenes, especially of 
propene, the use of zeolite H-ZSM-5 in higher ratios in FCC catalysts (5 to 20 wt.- 
%) is another option [80]. Depending on its state of activity ZSM-5 also catalyzes 
skeletal isomerisation or cracking of the alkenes [87]. Beside zeolite Y, other 
large-pore zeolites, including Beta and ZSM-20 [86,88], have been extensively 
tested as FCC catalysts, yet, zeolite Y modified by rare-earth ion exchange and 
dealumination continues to be the best choice in terms of cost and performance 
[81]. 

For more detailed information on the complex chemistry governing FCC and 
the issues of catalyst technology, octane enhancement and catalytic cracking of 
residues, the reader’s attention is drawn to a number of review articles and books 
[81,88-92]. 



Table 2. Effect of the addition of zeolite ZSM-5 (5.9 wt.-%) to an industrial FCC catalyst, 
after ref. [85]. 





without H-ZSM-5 


with H-ZSM-5 




Product 


Yield / wt.-% 


Yield / wt.-% 


Difference / wt.-% 


H^S 


0.5 


0.5 


0.0 


C. 


4.0 


3.6 


-0.4 


propane 


1.5 


1.5 


0.0 


propene 


5.1 


6.2 


+ 1.1 


n-butane 


1.1 


1.1 


0.0 


isobutane 


4.6 


4.4 


-0.2 


butenes 


6.6 


7.6 


-h 1.0 


gasoline (to 215 °C) 


50.4 


48.9 


- 1.5 


LCD (to 350 °C) 


13.9 


14.9 


+ 1.0 


HCO 


7.2 


7.1 


-0.1 


coke 


5.1 


4.2 


-0.9 


total 


100.0 


100.0 




RON of gasoline 


91.3 


92.3 




MON of gasoline 


80.5 


80.7 
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7.2 Hydrocracking 

As a competitive process to FCC, hydrocracking is applied to convert heavy gas 
oils into valuable transportation fuels. Hydrocracking is carried out at milder 
temperatures (300 to 450 °C) than FCC {ca. 500 °C) and under hydrogen pressure 
of 80 to 250 bar over bifunctional catalysts containing both a hydrogena- 
tion/dehydrogenation and an acid component. An example is Pd (ca. 0.5 wt.-%) on 
ultrastable zeolite Y (USY). The lower temperatures and the suppression of coke 
formation due to the continuous product hydrogenation allow catalyst lifetimes of 
up to several years. 

The activity balance of the two catalytic functions is of prime importance for 
conversion and product selectivity. Also, the mass transfer between the 
hydrogenation/dehydrogenation and the acid sites within the zeolite catalyst may 
become the rate determining step, if the two sites are too far apart (intimacy 
criterion after Weisz [93]). If the de-/hydrogenation function is predominant 
(“ideal hydrocracking” [94,95]) primary isomerisation and hydrocracking can be 
achieved, whereas with a stronger acid function, consecutive (secondary) 
isomerisation and hydrocracking reactions inevitably occur. The catalyst (and the 
process conditions) can, therefore, be designed to maximize either the yields of 
middle distillates, i.e., diesel and jet fuel of high quality, or branched alkanes in 
the boiling range of gasoline. 

Further advantages of hydrocracking include the possibility of processing 
lower-grade, higher-boiling feedstocks, a very clean operation without emissions 
of SO^ and NO^ and products which are virtually sulfur-free. On the other hand, 
disadvantages of catalytic hydrocracking are high capital and operating costs 
associated with the hydrogen consumption, pressure generation and equipment 
safety and a lower gasoline quality in terms of octane numbers. 

As in FCC the higher acid strength of zeolites relative to amorphous silica- 
alumina catalysts gives higher conversions in hydrocracking, but also higher 
stability, nitrogen resistance and naphtha selectivity [96]. The bifunctional zeolites 
are in most cases based on zeolite USY (vide supra). The hydrogenation/dehy- 
drogenation function is either provided by a noble metal like Pd (0.1 to 1 wt.-%) 
or by sulfided oxides of Ni or Co in combination with Mo or W [96]. While the 
degree of dealumination does not strongly influence the overall conversion, the 
selectivity for middle distillate is improved upon removal of framework aluminum 
[97]. Furthermore, dealumination of the zeolitic hydrocracking catalyst supports 
the formation of mesopores that facilitate the transport of the larger feed 
molecules to the catalytically active sites. Exclusion of the interior pore system 
leading to a less efficient conversion of heavy oil fractions and diffusional 
limitations of the primarily formed alkenes resulting in increased secondary 
cracking are reasons why zeolites with narrower pores than zeolite Y have not 
been used in hydrocracking. This has been shown for the conversion of n-alkanes 
over different zeolite catalysts, where a decrease in the relative rates of 
isomerisation and cracking with decreasing pore diameter of the zeolite catalyst 
was observed [98]. More recent studies were consequently directed towards 
larger-pore materials such as VPI-5, cloverite [99] or MCM-41 [100], yet none of 
these more recent materials succeeded in replacing zeolite Y in commercial 
hydrocracking catalysts. 

A completely different application of hydrocracking on zeolite catalysts has 
recently been developed for the utilization of aromatics which will have to be 
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reduced in automotive gasoline in the near future as a consequence of restrictive 
legislation, e.g., the Auto-Oil Programme of the European Union [101]. 
Hydrocracking of aromatics or cycloalkanes (accessible from aromatics through 
conventional ring hydrogenation) can be conveniently accomplished over 
bifunctional or acid zeolites, such as Pd/H-ZSM-5 or H-ZSM-5, respectively, to 
yield a product composed predominantly of ethane, propane and n-butane 
[102,103]. These lower alkanes may, in turn, serve as a high-quality, synthetic 
steamcracker feed, thus contributing to the increasing demand for ethylene and 
propylene. Still another application are zeolite-supported noble metal catalysts 
with high sulfur and nitrogen tolerance. Such catalysts are being industrially 
applied, e.g., in the Shell Middle Distillate Hydrogenation Process (SMDH) since 
1992 to deeply hydrogenate and hydrodecyclicize aromatics in light cycle oils for 
fuel production [104]. 



7.3 Dewaxing 

The aim of dewaxing is a selective removal of waxy normal or slightly branched 
paraffins in order to improve the cold flow properties of gas oils and lubricating 
base oils. This is achieved by shape-selective (hydro)cracking of the above- 
mentioned alkanes at 300 to 400 °C and hydrogen pressures of 20 to 50 bar over 
catalysts based on the 10-membered-ring zeolite H-ZSM-5 [4,105] in Mobil 
processes (Mobil Distillate Dewaxing, MDDW; Mobil Lube Dewaxing, MLDW). 
Products are light hydrocarbons in the boiling range of gasoline and LPG as 
shown in Figure 13 along with a schematic flow-sheet of the process. A higher 
selectivity has been reported to be obtainable over zeolite H-ZSM-23 with a one- 
dimensional pore system [105]. A higher extent of secondary cracking observed 
with smaller crystallites of zeolite ZSM-5 is indicative of a diffusion-limited 
reaction. The application of MFI-type catalysts with B, Fe or Ga isomorphously 
substituted in the zeolite framework was reported to give somewhat higher 
selectivities due to the reduced acid strength, however, at the expense of activity 
[106]. 

In order to avoid the yield loss associated with cracking of the n-paraffins, 
which is particularly unfavorable in case of the higher-value lubricating base oils, 
an isomerisation into branched isomers which possess significantly lower 
meltingpoints is favorable (“isodewaxing”). For this purpose, zeolite catalysts 
with a strong preference for isomerisation over hydrocracking are needed. Zeolites 
with low activity, Le., high n^/n^, -ratio, and structures with pore systems other 
than ZSM-5 such as MCM-22 and Beta [107], seem to allow the bulkier 
isomerisation products to diffuse out of the pore system readily and to avoid 
overcracking of the larger reactants as a result of increased residence time inside 
the zeolite pores. Recently, a process for isodewaxing has been commercialized by 
Chevron on the basis of SAPO-11 doped with 1 wt.-% platinum [108]. This 
catalyst is particularly suited due to its mild acid strength and since its constrained 
one-dimensional pore system (pore width: 0.39 x 0.63 nm) gives rise to transition 
state shape selectivity prohibiting isomerisation to more highly branched products 
which would undergo rapid consecutive cracking. 

Similar to dewaxing, reactant shape selectivity is involved in processes for 
cracking linear alkanes (C^ to C,o) to improve the octane number of gasoline from 
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catalytic reformers, Le., the Selectoforming and the M-Forming processes, with 
concomitantly reduced 




Fig. 13. Schematic flow-sheet of catalytic dewaxing of heavy gas oil. 



gasoline yield. While the narrow-pore zeolite Ni/H-erionite has been applied in the 
former process, zeolite H-ZSM-5 serves as a catalyst in the latter. In M-Forming, 
cracking of both n-alkanes and mildly branched iso-alkanes occurs, and the 
alkenes produced as primary cracking products may undergo consecutive 
reactions, e.g., alkylation of aromatics present in large amounts in the gasoline 
from reformers [3,109,1 10]. 



7.4 Isomerisation of Light Gasoline 

Skeletal isomerisation of the C 5 /Cg-hydrocarbons in light gasoline fractions is 
carried out to convert linear to branched paraffins in an equilibrium-limited 
reaction with the aim to increase the octane number of gasoline. With a 
bifunctional zeolite catalyst, viz. Pt/H-mordenite, the process is operated at 
temperatures around 250 °C and hydrogen pressures of ca. 30 bar (Shell Hysomer 
process). In the total isomerisation process (TIP) the Hysomer process is 
combined with a zeolite-based n-/iso-paraffin separation by adsorption, e.g., by 
the Isosiv process, and the n-paraffins are recycled to the isomerisation reactor 
[ 111 ]. 

Zeolites offer a chlorine-free alternative to the more active chlorided Pt/alu- 
mina catalysts. With the zeolite catalyst, however, higher process temperatures are 
needed at which the equilibrium is less favorable for the desired highly branched 
isomers. Other zeolites have been tested in the laboratory as catalysts for paraffin 
isomerisation, viz. Omega and Beta. For a review covering the mechanism of 
paraffin isomerisation and the processes applied see ref. [112]. 
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7.5 Isomerisation of Light Alkenes 

The skeletal isomerisation of light alkenes, though not yet practiced on a 
commercial scale, is of interest for the production of branched isomers, above all 
isobutene and isopentene. These can, in turn, be converted with light alcohols on 
acid catalysts, typically organic ion exchange resins, to ethers used as oxygen- 
containing anti-knock additives to gasoline. The most prominent ether used for 
this purpose is methyl-f^rr. -butyl ether (MTBE). After years of a steady increase 
of the worldwide MTBE consumption, its future has recently become a matter of 
serious environmental debates, especially in California: MTBE, which has a 
characteristic odor and is readily soluble in water, has occasionally been detected 
on the groundwater after leakages of gasoline tanks. In California, this led to a ban 
on MTBE as a gasoline additive from 2002 onwards [113]. 

The formation of iso-alkenes from n-alkenes, though seemingly a simple and 
straightforward reaction, suffers from various drawbacks which all contribute to a 
severe limitation of the product yields. Among these drawbacks are an 
unfavorable position of the equilibrium and undesired side reactions, such as the 
formation of oligomers of the alkenes and the build-up of coke associated with a 
rapid catalyst deactivation. 

Several medium-pore zeolites such as H-ZSM-22 [114], H-ZSM-23 [115] or 
SAPO-11 [116] have been proposed as catalysts for the isomerisation of n- 
butenes. Another medium-pore zeolite, however, has found the most widespread 
attention, viz. H-ferrierite [117] which possesses a system of intersecting 8- and 
10-membered-ring pores. H-ferrierite exhibits unusually high activity, stability 
and selectivity for isobutene {ca. 90 % at more than 40 % conversion of n- 
butenes). The precise reasons for the unusually high performance of this particular 
zeolite catalyst are a matter of ongoing debate, and at least three different 
mechanisms have been advocated: (i) A monomolecular mechanism which would 
involve a primary carbenium ion and is perhaps operative inside the 8-membered- 
ring pores [1 18,1 19]; (ii) a bimolecular mechanism initiated by dimerization of n- 
butenes and followed by skeletal rearrangements and cleavage of the resulting iso- 
octenes [117,120]; (iii) pore mouth catalysis, i.e., conversion at or near the 
entrance of the zeolite pores, with the high selectivity towards isobutene either due 
to an isomerisation reaction catalyzed by carbonaceous deposits entrapped inside 
the zeolite pores [121,122] or due to preferred desorption of isobutene over 
addition of n-butene which would lead to formation of by-products [123]. 



7.6 Alkylation of Isobutane with Light Alkenes 

The acid-catalyzed conversion of isobutane from Q-cuts of catalytic cracking with 
light alkenes, typically butenes, yields highly branched iso-alkanes as high-octane 
gasoline components like 2,4,4-trimethylpentane (iso-octane), the reference 
substance for octane quality with RON = 100. Due to environmental and safety 
concerns about the use of HE and H2SO4 as catalysts in the conventional liquid- 
phase alkylation processes, strong endeavors have been devoted to the 
development of solid acids as catalysts for the alkylation of isobutane with 
butenes. 

The alkylate produced over large-pore acidic zeolite catalysts, such as rare- 
earth exchanged zeolite Y or zeolite H-Beta is, in principle, of comparably high 
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quality as that obtained with HF or H 2 SO 4 . In fixed-bed operation, however, 
zeolite catalysts are deactivated after a relatively short time-on-stream with respect 
to alkylation activity, and oligomerization of the olefin component occurs instead 
(Figure 14) [124]. The origin of this “deselectivation” must be related to a decline 
and, eventually, the complete loss of the hydride transfer activity of the catalyst 
brought about by carbonaceous deposits [125]. In addition to the most extensively 
studied faujasite-type catalysts, a number of further, structurally different zeolites 
like MCM-22, MCM-36, ZSM-3 or ZSM-18 have been explored as potential 
catalysts in isobutane/butene alkylation with, so far, limited success [126]. More 
promising results were recently achieved by using acid zeolite catalysts in 
continuously stirred tank reactors where the concentration of the olefin, which is 
likely to be the source of catalyst deactivation, is extremely low at any location 
inside the reactor [127]. 




Fig. 14. Conversion of 1 -butene with isobutane (left) and composition of the Cg fraction 
(right) over zeolite Ce-Y-98 at 80 °C, after ref. [124]. The dashed line at 90 mol.-% alkanes 
in the Cg product fraction marks the (arbitrarily chosen) limit between alkylation and 
oligomerization. 



7.7 Aromatics from Light Paraffins (Cyclar Process) 

As a cheap feedstock LPG, comprised mainly of C 3 - and C^-alkanes, from 
refineries can be converted over zeolitic catalysts into aromatics in the BTX-range 
(benzene, toluene, xylenes) that are used for gasoline blending and as raw 
materials for petrochemical applications. The Cyclar process jointly developed by 
BP and UOP uses zeolite Ga/H-ZSM-5 as a bifunctional catalyst at temperatures 
of 450 to 500 °C [128]. Gallium acting as a de-/hydrogenation component, may be 
introduced into the zeolite with a loading of typically 1 to 5 wt.-% by ion 
exchange, impregnation or isomorphous substitution. In the former two cases, a 
high dispersion of gallium is reached by applying several oxidation/reduction 
cycles [129]. 

The net reaction to the aromatics represents a dehydrocyclodimerization 
(DHCD), e.g., of propane to benzene, involving dehydrogenation, dimerization, 
cyclization and hydrogen transfer steps. The balance between the 
de-/hydrogenation and the acid function of the zeolite catalyst is, therefore, of 
crucial importance for appreciable aromatics selectivity. While gallium seems to 
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play a key role in dehydrogenating the alkanes and the intermediate alkenes and 
cyclic oligomers to aromatics, the acid sites are important for oligomerization of 
the alkenes and cracking to build-up a pool of alkenes serving as intermediates on 
the way to the aromatic products [129]. Unbalanced acid or de-/hydrogenation 
activity of the catalyst may favor cracking or hydrogenolysis, both leading to a 
loss of carbon by formation of methane and ethane or ethene. With zeolite H- 
ZSM-5 the requirements for acidity are best met with an n^/n^, -ratio of 15 to 30. 
Furthermore, the formation of polynuclear aromatics and coke are kept at a low 
level with the ZSM-5-type catalyst. Under the spatial constraints inside the pores 
of zeolite ZSM-5 the formation of coke is significantly retarded. This lower 
tendency of medium-pore zeolites in general, and ZSM-5 in particular, towards 
coke build-up as compared to large-pore zeolites or macroporous catalysts may be 
viewed as a shape selectivity effect and is a often a decisive criterion for the 
selection of zeolite catalysts [130,131]. 

Another option for aromatics production is the Aromax process of Chevron 
which converts C^- to Cg-alkanes as a feed. A disadvantage of the zeolite catalyst 
used in this process, i.e., Pt/Ba,K-L, is the extremely high sensitivity to sulfur 
poisons [132,133] requiring deeply hydrotreated, essentially sulfur-free feed- 
stocks. 

The importance of aromatics-producing processes is, as a whole, expected to 
decrease as a response to legislative limitations of the aromatics content in 
transportation fuels that will have to be met in the coming years [134]. 



7.8 Methanol to Gasoline (MTG) and Methanol to Olefins (MTO) 

Most processes for the production of fully synthetic gasoline are based on 
synthesis gas (CO + H 2 ) which can be obtained from a wide variety of sources 
including natural gas, petroleum distillation residues or coal. However, the current 
oil prices make synthesis gas-based processes economically viable only under 
very specific circumstances [3]. In the MTG process methanol as a product from 
synthesis gas is catalytically converted over zeolite H-ZSM-5 into a high-quality 
gasoline. One commercial MTG plant, based on natural gas as a raw material, has 
been in operation in New Zealand for years. From a technical point of view, this 
plant was very successful, yet limited information is available on the economics of 
this process route. 

The conversion of methanol can also be carried out to yield lower alkenes 
(methanol to olefins, MTO process) which, in turn, might be used as feed for 
gasoline production. Alternatively, the olefins produced via MTO may be 
converted catalytically into higher boiling fuels, such as jet fuel or diesel fuel, or 
directly serve as petrochemical raw materials. 

The MTG reaction comprises a complex series of acid-catalyzed steps. Formation 
of the various products proceeds through consecutive steps as is evident from the 
product distribution shown in Figure 15 as a function of space time [135,136]. 
Obviously, the product formed most rapidly from methanol is dimethyl ether. It 
appears as a typical intermediate, and at more severe conditions, a pool of C 2 - to 
C 5 -alkenes is formed. These, in turn, undergo consecutive reactions at still higher 
space times: The products appearing under these conditions are higher alkenes, 
alkanes and aromatics. A reasonable pathway for their formation from C 2 - to C 5 - 
alkenes includes oligomerization of the latter into higher alkenes with six or more 
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carbon atoms followed by cyclization and hydrogen transfer, so that alkanes and 
aromatics result. In the past, there has been considerable debate in the literature as 
to how the first carbon-carbon bond is formed during the MTG or MTO reactions, 
and a variety of principally different mechanisms have been advanced for this 
seemingly crucial step [135,137,138]. Among these are, beside concerted 
reactions, mechanisms via carbocations, carbenes, oxonium ylides and free 
radicals. From today’s point of view, these intricate mechanistic debates were 
essentially resolved by Haag [139]: He proposed that the essential carbon-carbon 
bond forming mechanism consists of the acid-catalyzed alkylation of alkenes by 
methanol or dimethyl ether. In the steady state, there is a pool of olefins with 
different structures and carbon numbers inside the zeolite pores, and the rate of 
carbon-carbon bond formation (through the above-mentioned alkylation) and 
carbon-carbon bond cleavage (through cationic p-scission) equal each other. 
Prime factors which govern the composition of the olefin pool inside the pores are 
(i) the reaction temperature, (ii) the pressure and (iii) the pore width and 
architecture of the zeolite catalyst. 

The importance of shape selectivity during the MTG reaction in zeolite 
H-ZSM-5 cannot be overemphasized: Firstly, the formation of coke and the 
concomitant catalyst deactivation are remarkably slow {cf section 7.7), so that 
adiabatic fixed-bed reactors can be employed with one surplus swing reactor 
which is put on-stream when, after typical on-stream times of several weeks, one 




Fig. 15. Product distribution for methanol conversion at 370 °C and atmospheric pressure 
over H-ZSM-5 in dependence of space time, after ref. [138]. 




The Application of Zeolites in Catalysis 193 




Fig. 16. Aromatics distribution for methanol conversion over different zeolite catalysts 
(pore diameter: ZSM-5: 0.56 nm, ZSM-12: 0.60 nm, mordenite: 0.70 nm), adapted from 
ref. [138]. 



catalyst bed has to be regenerated. Secondly, virtually no heavy hydrocarbons 
with more than 10 carbon atoms are formed in the MTG process (see data for 
ZSM-5 in Figure 16). Thirdly, clear shape selectivity effects appear in the 
distribution of individual product isomers: while (under typical process conditions, 
i.e., ca. 400 °C and 20 bar) the three xylene isomers are essentially at equilibrium, 
the slender isomers 1,2,4-trimethylbenzene and 1,2,4,5-tetramethylbenzene 
(durene) are strongly preferred in the fractions of the C^- and C,o-aromatics, 
respectively. The relatively high durene concentration is an undesirable feature of 
gasoline from the MTG process since, due to its high melting point of ca. 80 °C, 
durene may precipitate from the gasoline. The problem may be overcome by 
catalytic ring hydrogenation of durene in a hydrofinishing reactor downstream of 
the MTG reactors [138]. 

Instead of producing high-octane gasoline as the main product of methanol 
conversion, the reaction can be directed towards lower alkenes (MTO) as well, 
i.e., mainly ethene and propene. Measures which favor MTO over MTG are higher 
reaction temperatures and a lower acid strength of the zeolite catalyst [135,140]. 
Earlier MTO catalysts were based on zeolite ZSM-5 as well, but no commercial 
unit was erected, since the competitiveness against the conventional manufacture 
of low olefins by steamcracking was not reached. Recently, a novel MTO process 
was developed by Norsk Hydro/UOP which seems to be based on the 8- 
membered-ring silicoaluminophosphate H-SAPO-34 [135]. With this narrow-pore 
catalyst, the yield of ethene plus propene seems to be significantly enhanced, and 
it could well be that this new MTO technology reaches profitability under certain 
circumstances. 

In a rigorous sense, MTO is a petrochemical rather than a refinery process. A 
number of other petrochemical processes take advantage of zeolite catalysts. 
These processes are discussed in the subsequent sections. 
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8. Zeolites as Catalysts in Petrochemistry 

In many petrochemical applications, zeolite catalysts replaced more conventional 
liquid acids, such as H 2 SO 4 , HF, AICI3 or BF3 which are less benign from an 
environmental or safety point of view. It is another salient feature of 
petrochemical processes, as opposed to refinery operations, that a single 
compound or a few single compounds are usually aimed at. The realm of zeolite 
catalysis in petrochemistry is the manufacture of specific aromatics, and both acid 
catalysis and shape selectivity are of utmost importance. 



8.1 Ethylbenzene Manufacture (Mobil-Badger Process) 

Ethylbenzene is an important intermediate on the way to styrene and polystyrene. 
It is readily produced by alkylation of benzene with ethylene in the Mobil-Badger 
process [3,141] which relies on acid forms of medium-pore zeolites such as H- 
ZSM-5 or, perhaps, H-MCM-22. Since the first commercial application of this 
process in 1980 by American Hoechst in Bayport, Texas, more than 25 plants 
have been put on-stream worldwide, and the current capacity amounts to more 
than 7 Mt/a [142]. Figure 17 shows a schematic representation of the process 
which is operated in the gas phase typically at 15 to 30 bar and 380 to 450 °C 
[143]. Two fixed-bed reactors are applied for continuous operation, one for 
conversion and the other for regeneration of the deactivated catalyst by coke 
burning. Ethylbenzene yields above 98 % can be achieved (based on ethene 
conversion) with diethylbenzenes as the main by-products. These and unconverted 
benzene are separated and recycled for transalkylation to ethylbenzene. 

The reaction over acid zeolites follows classical Friedel-Crafts pathways via 
carbenium ion intermediates. To suppress the undesired oligomerization of ethene 
and re-cracking leading to alkenes in the C 3 - to C^-range, benzene is present in a 3- 
to 10-fold excess in the feed. Like in previously described processes, e.g., the 
Cylcar process, coke formation over zeolite H-ZSM-5 is slow and allows catalyst 
cycles on the order of several weeks or months [3,141,142]. In contrast, large-pore 
zeolites such as H-Y or H-mordenite would deactivate very rapidly and are, hence, 
unsuitable for ethylbenzene production [142]. Apart from diethylbenzenes, only 
minor amounts of more highly alkylated benzenes are formed owing to the shape- 
selective properties of the zeolite catalysts employed. Due to the reversibility of 
the alkylation more highly alkylated products, once built-up inside the zeolite 
pores, can ultimately undergo dealkylation and transalkylation reactions, and the 
products do have egress from the zeolite pores. The confined space inside the 
zeolite pores, an excess of the benzene over ethylene in the feed and a relatively 
low reaction temperature around 400 °C are means to favor mono- over 
polyalkylation. Recently, processes for zeolite-catalyzed ethylbenzene 
manufacture with aqueous ethanol as the alkylating agent over zeolite ZSM-5 in 
the liquid phase and by catalytic distillation have been envisaged [142]. 
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ETHYLENE BENZENE ETHYLBENZENE 




Fig. 17. Schematic process flow-sheet of the Mobil-Badger process for the production of 
ethylbenzene from ethene and benzene over zeolite H-ZSM-5, after ref. [143]. 



8.2 Isopropylbenzene Manufacture 

Similar to the Mobil-Badger process, benzene can be alkylated with propene to 
isopropylbenzene (cumene). Since this product and the intermediates involved in 
bimolecular alkyl group transfer are bulkier than those in ethylbenzene 
production, large-pore zeolites seem to be more appropriate catalysts for cumene 
manufacture. Undesired shape selectivity effects which could occur in too narrow 
pores include a hindered diffusion of cumene and a substantial formation of n- 
propylbenzene which is very difficult to separate from the desired cumene [142]. 
Thus, a dealuminated H-mordenite with > 100, labelled “3DDM” (three- 
dimensional dealuminated mordenite), is used in the Dow process [144-146]. 
Complete propene conversion is already reached at 130 °C. This low operation 
temperature and the larger pore diameter of the zeolite catalyst cause the 
formation of a larger fraction of dialkylated products, so that an additional reactor 
for their transalkylation with benzene is required. In another cumene process 
developed by Enichem, zeolite H-Beta is being used as catalyst [147,148]. 
Interestingly, zeolite H-MCM-22, which possesses relatively narrow 10- 
membered-ring pores but very spacious cages, has also been reported to be em- 
ployed for the manufacture of cumene in a variant of the Mobil-Badger process 
[147]. 

Shape-selective catalysis over large-pore zeolites has also been successfully 
applied in the alkylation of benzene with long-chain n-alkenes, e.g., n-decene, as 
intermediates to linear alkylbenzene sulfonate surfactants [149] and for iso- 
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propylation of binuclear aromatics, e.g., naphthalene and biphenyl, to obtain 
intermediates to liquid crystal polymers [150]. 



8.3 Isomerisation of Xylenes 

The Cg-fractions from catalytic naphtha reforming and pyrolysis gasoline consist 
mainly of xylenes and ethylbenzene. Among the xylenes the meta-isomer is 
predominating for thermodynamic reasons (vide infra), whereas the ortho- and the 
para-isomers are the desired ones, since they are needed as starting materials for 
the production of phthalic and terephthalic acid, respectively. In particular, para- 
xylene is consumed in large amounts for the production of polyesters like 
polyethylene terephthalate (PET). The main objective of xylene isomerisation is, 
therefore, to convert meta-xylene (after a separation from the isomers through 
adsorption, e.g., in the UOP Parex process [151] which is working on zeolitic 
adsorbents) into its isomers and to approach as closely as possible the isomer 
equilibrium (e.g., at 400 °C 24.1 mol-% ortho-, 52.4 mol-% meta-, and 
23.5 mol-% para-xylene). At the same time, all side reactions, in particular the 
competing disproportionation of xylenes into toluene and trimethylbenzenes, must 
be suppressed to the maximal possible extent. 

The shape- selective influence of zeolite catalysts on xylene isomerisation 
becomes apparent from Figure 18 where the relative rates of isomerisation and 
disproportionation are plotted versus the pore diameter. Disproportionation is 
inhibited most efficiently due to spatial constraints on the transition states of the 
bimolecular transalkylation inside the pores of zeolite H-ZSM-5. Intramolecular 
methyl group shifts leading to the desired isomerisation are, thus, favored [152]. 

Four process options for xylene isomerisation using catalysts based on zeolite 
H-ZSM-5 have been developed by Mobil, i.e., Mobil Low Pressure Isomerisation 
(MLPI), Mobil Vapor Phase Isomerisation (MVPI), Mobil High-Temperature 
Isomerisation (MHTI) and Mobil High Activity Isomerisation (MHAI). The 
specific features of these process variants have been discussed in the literature 
[3,153-155]. Apart from differences in process configuration, reaction conditions 
and feed options, these processes use different ways to handle the ethylbenzene 
which is usually present in the feed, which is hard to separate from the desired 
para-xylene, and which could accumulate in the recycle loop of the process and 
lead to xylene losses due to transalkylation reactions. While ethylbenzene is 
diproportionated to benzene and diethylbenzenes in the MVPI process, it is 
hydrodealkylated to benzene and ethane over a catalyst containing a small amount 
of platinum in MHTI. The corresponding changes in the fractions of lighter 
products (fuel gas) and higher aromatics are shown in Table 3. 

If bifunctional catalysts are applied for xylene isomerisation as, e.g., in the 
older Octafining process, which worked on a platinum catalyst supported on 
amorphous silica-alumina, ethylbenzene can be isomerized to xylenes. Xylene 
hydrogenolysis to light gases limits the achievable product yields, as also shown 
in Table 3. More recently, bifunctional zeolite-based catalysts, such as 
Pt/mordenite or Pt/ZSM-23, have been investigated for xylene isomerisation [3]. 
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effective diameter of 
intracrysatlline cavity, nm 



Fig. 18. Relative rate constants of disproportionation and isomerisation of xylenes as a 
function of the pore diameter of zeolite catalysts (1: H-ZSM-5, 2: H-ZSM-4 (H-omega), 3: 
H-mordenite, 4: H-Y), after ref. [152]. 



Table 3. Feed and product composition (wt.-%) obtained in xylene isomerisation in the 
Mobil Vapor Phase Isomerisation (MVPI), Mobil High-Temperature Isomerisation (MHTI) 
and in Octafining [154]. 





MVPI 


MHn 


Octafining 


Feed 


Xylenes and ethylbenzene 


100.0 


100.0 


100.0 


Hydrogen 


0.1 


0.2 


1.3 


Total 


100.1 


100.2 


101.3 


Product 


Fuel gas 


0.8 


4.7 


8.5 


C 5 +-non-aromatics 


- 


- 


7.2 


Benzene 


7.7 


11.2 


4.3 


Toluene 


1.2 


1.8 


4.1 


Para-xylene 


77.9 


80.1 


68.9 


Cg^-aromatics 


12.5 


2.4 


8.3 


Total 


100.1 


100.2 


101.3 



8.4 Disproportionation of Toluene 

Zeolite-catalyzed toluene disproportionation is another means of producing 
xylenes, in this case with the co-production of benzene, sometimes in high purity 
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Table 4. Product composition (wt.-%) obtained in the Mobil Toluene Disproportionation 
Process (MTDP) with unmodified zeolite ZSM-5 and in the Mobil Selective Toluene 
Disproportionation Process (MSTDP) with pre-coked zeolite ZSM-5 [3,142,152]. 



Products 


MTDP 


MSTDP 


C5. 


1.5 


1.8 


Benzene 


17.9 


13.9 


Toluene 


57.4 


70.0 


Ethylbenzene 


0.2 


0.6 


Para-xylene 


4.7 


11.4 


Meta-xylene 


11.5 


1.4 


Ortho-xylene 


5.2 


0.3 


aromatics 


1.8 


0.6 


Total 


100.2 


100.0 



[142]. Since the disproportionation rate in zeolite ZSM-5 is 5000 times lower than 
that of isomerisation, the processes are carried out at higher temperatures, e.g., 
450 to 470 °C in the Mobil Toluene Disproportionation Process (MTDP) 
[3,152,154,155]. Due to the larger effective pore width of the zeolite at this high 
temperature, the conversion is not shape-selective, and the xylene isomer 
distribution is close to equilibrium. Selective production of para-xylene can, 
however, be achieved, if the effective pore width of the zeolite is reduced by a 
well defined coke deposition procedure as applied in the Mobil Selective Toluene 
Disproportionation Process (MSTDP), thus slowing down the diffusion rates of 
the bulkier ortho- and meta-isomers relative to para-xylene. Table 4 compares 
typical product distributions of MTDP and MSTDP. Increased selectivity for para- 
xylene is also achieved over zeolite ZSM-5 modified with phosphorus, 
magnesium or silica representing a typical example of pore-size engineering (cf. 
section 6.4). Similar catalyst technology finds use in the selective para-xylene 
manufacture via alkylation of toluene with methanol [3]. 



8.5 Oxidation and Ammoximation 

The introduction of redox-active elements into zeolites and related microporous 
materials opens up interesting options for heterogeneously catalyzed selective 
oxidations. The search for so-called “redox molecular sieves” as catalysts in 
combination with environmentally friendly oxidants, above all oxygen (or air) or 
hydrogen peroxide, is a highly dynamic research area that has recently been 
reviewed by Bellussi and Rigutto [156] and by Arends et al. [42]. This section 
focuses on commercial applications and highlights some recent examples. 

The most intensely studied representative of redox zeolites is the medium-pore 
material titanium silicalite-1 (TS-1), i.e., silica with the framework structure of 
ZSM-5 and framework silicon atoms substituted by titanium at typical ratios of 
n^./n^. = 40 to 90 [157]. This material catalyzes the selective oxidation of numerous 
organic substrates with aqueous H 2 O 2 at mild conditions (20 to 150 °C) as shown 
in Figure 19 [158]. Of these, the hydroxylation of phenol to hydroquinone and 
catechol and the ammoximation of cyclohexanone to cyclohexanone oxime are 
carried out on an industrial scale. In a process of Enichem with a capacity of 
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100,000 t/a phenol is hydroxy lated in aqueous solution at a conversion level of 25 
to 30 % and high diphenol select! vities, i.e., 84 % based on conversion of H 2 O 2 
and 90 to 94 % based on phenol conversion [159]. The shape selectivity over the 
TS-1 catalyst is reflected by the preferred formation of the para-isomer and a 
considerable suppression of side reactions leading to polynuclear aromatics and tar 
as compared to homogeneously catalyzed processes [160]. 

The suitability of TS-1 as a catalyst for the liquid-phase ammoximation of 
cyclohexanone with H 2 O 2 and ammonia without the co-production of ammonium 
sulfate or nitrogen oxides as encountered in conventional processes has been 
demonstrated in a pilot plant by Enichem. At 80 to 95 °C, yields of cyclohexanone 
oxime, an important intermediate in the manufacture of thermoplastic polyamides, 
as high as 99 % based on cyclohexanone and 90 % based on H 2 O 2 can be achieved 

[161] . The limited long-term stability of the catalyst due to removal of titanium 
and dissolution of the bulk zeolite in the alkaline reaction medium as well as pore 
blockage by heavier by-products is a problem that still deserves further attention 
[161]. 

Other redox metals beside titanium, which have been incorporated into the 
framework of microporous catalysts, include V, Sn, Cr, Cu, Co and Fe, to 
enumerate just a few [42]. Examples for selective catalysts with molecular oxygen 
as the oxidizing agent are CoAPO-5 for the selective oxidation of cyclohexane 

[162] , CrAPO-5 for the oxidation of alkyl aromatics and secondary alcohols 
[163,164] and, more recently, the 8-membered-ring materials CoAPO-18 or 
MnAPO-18 setting a new landmark in the direct oxidation of both terminal methyl 
groups in linear alkanes, e.g., of n-hexane to adipic acid [165]. Zeolite Fe-ZSM-5 
has also been used for the direct hydroxylation of benzene to phenol in the gas 
phase with nitrous oxide as the oxidant [166], and the same reaction seems to be 
catalyzed by iron-free H-ZSM-5 [167,168]. 




Fig. 19. Selective oxidation of organic substrates with aqueous hydrogen peroxide 
catalyzed by TS-1, after ref. [158]. 
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Transition metal chelates immobilized as guest compounds in zeolite cavities 
also find increasing attention as selective oxidation catalysts [42,78,169,170]. The 
encapsulated complexes which often display higher stability than in homogeneous 
solution exhibit well defined active sites making the catalysts interesting for 
enzyme mimicking (“zeozymes”). The formation of adipic acid from cyclohexane 
with iron phthalocyanine [171] or from cyclohexene with the bipyridine complex 
[Mn(bpy)J^^ [172] and the conversion of n-hexane with molecular oxygen to 1- 
hexanol and 1-hexanal over copper phthalocyanine [173], all encapsulated in the 
supercages of zeolite Y, may serve as examples. 

To overcome limitations on the molecular size of reactants that can be 
converted, transition metal containing zeolites with larger pores have been 
developed including, for instance, V-NCL-1 [174] or Ti-UTD-1 (unidimensional 
14-membered-ring channels) [175,176]. Particularly bulky reactants can be 
oxidized over mesoporous redox molecular sieves, e.g., norbomene or 2,6-di-tert.- 
butyl phenol over Ti-MCM-41 [177]. The use of mesoporous materials as 
oxidation catalysts, either with redox-active metals like Fe, Cr, V and Mn 
incorporated into the pore walls or as supports for transition metal complexes or 
enzymes, has recently been reviewed by Corma [178] and Corma and Kumar 
[179], respectively. 



8.6 Amination 

Nucleophilic substitution of methanol by ammonia can be catalyzed by acidic 
zeolites for the manufacture of methylamines which are important intermediates 
for fine chemicals production [180]. The conversion of methanol with ammonia 
has been intensively studied over various zeolitic catalysts [158,181-183]. Zeolites 
are utilized in this conversion with the aim to reduce the fraction of the 
thermodynamically preferred formation of trimethylamine (TMA) in favor of the 
desired dimethylamine (DMA) and monomethylamine (MMA) by shape 
selectivity effects. The influence of the pore dimensions of zeolite catalysts on the 
selectivity for the methylamines is compared to the thermodynamic equilibrium 
distribution and the worldwide consumption in Table 5 showing the preferred 
formation of mono- and dimethylamine, especially over the small-pore zeolites H- 
Rho, H-ZK-5 and H-chabazite. A process by Nitto Chemicals using a catalyst 
based on a modified steamed and alkali ion-exchanged mordenite catalyst with a 
capacity of 50,000 t/a has been reported to be on-stream in Japan since 1985 
[184]. At 320 °C in the gas phase and at methanol conversions above 95 %, 
selectivities of ca. 50 % for DMA and of < 5 % for TMA have been claimed 
[185,186]. 

Also possible are aminations of alcohols with two to four carbon atoms over 
cobalt- or nickel-exchanged Y-type zeolites, of phenol to aniline over H-ZSM-5 
and of multifunctional substances such as ethanolamine to ethylene diamine over 
H-mordenite [183]. 
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Table 5. Distribution of mono-, di- and trimethylamine (mol-%) obtained in the conversion 
of methanol with ammonia over various zeolite catalysts at 325 °C and methanol 
conversions above 90 %, thermodynamic equilibrium values after ref. [181]; worldwide 
consumption, as of 1987, after ref. [180]. 



Catalyst 


Pore diameter / 
nm 


MMA 


DMA 


TMA 


H-Y 


0.74 


15 


12 


73 


H-mordenite 


0.70 


18 


13 


69 


H-ferrieiite 


0.54 


33 


29 


38 


H-Rho 


0.51 


34 


53 


13 


H-ZK-5 


0.39 


26 


63 


11 


H-chabazite 


0.37 


43 


46 


11 


Thermodynamic equilibrium 




17 


21 


62 


Consumption (worldwide) 




33 


53 


14 



The acid-catalyzed addition of ammonia to alkenes is another route to primary 
alkylamines. A variety of acidic zeolites with different structures have been tested 
for the amination of C^- to C^-alkenes [183]. With zeolite H-ZSM-5, for instance, 
and at typical reaction conditions of 300 to 400 °C, high pressures of up to 300 bar 
and with an excess of ammonia, selectivities for the amines between 95 to 98 % at 
olefin conversions of ca. 10 % are achieved [187,188]. A disadvantage of this 
route is the tendency towards deactivation which is pronounced with zeolites X 
and Y, but less so after rare-earth ion exchange or with A1-, Fe- or B- containing 
MFI-type zeolites [183]. Although low temperatures favor selective amination, a 
minimum temperature is needed for activation of the alkenes. Thus, amination 
yields decrease in the order isobutene > propene > ethene making isobutene 
amination the only technically attractive reaction which reaches an equilibrium 
conversion of 9 % at 300 °C. BASF uses this process in a multi-purpose unit with 
a capacity of 8,000 t/a to produce f^rt-butylamine, presumably over modified 
zeolite ZSM-5 as a catalyst [189]. Recently, zeolites SSZ-26, SSZ-33, SSZ-37 and 
CIT-5 have been claimed as catalysts for the amination of bulky alkenes 

[190.191] . 

Zeolite catalysts can also be applied for the amination of various compound 
types, such as ethers, epoxides, halogenated hydrocarbons or carbon monoxide 

[183.192] , yet these amination reactions are beyond the scope of the present 
review. 



9. Where does Catalysis on Zeolites Stand? 

Fourty years after their introduction into industrial practice, zeolite catalysts have 
conquered an impressive number of large-scale processes. The most important of 
these and the advantages offered by zeolites over more conventional catalysts 
have been discussed in the present contribution. So far, the domain of zeolite 
catalysis continues to be in petroleum refining and basic petrochemistry. There is 
little doubt, however, that, in the decades ahead, zeolite catalysts will find more 
and more applications in the manufacture of higher- value products, i.e., of organic 
intermediates carrying functional groups or even of certain fine chemicals. It has 
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sometimes been argued that zeolite catalysis is, by now, a mature field of science 
and technology. The extent to which such and similar statements reflect the real 
situation depends on how exactly they are meant: While it is certainly true that a 
huge amount of information has been accumulated on the synthesis, structure, 
post-synthesis modification, physico-chemical characterization and catalytic 
application of zeolites, this does by no means rule out that there is further and 
ample room for significant improvements, innovations or even breakthrough 
discoveries in catalysis by zeolites. 

It is perhaps justified to look at zeolites as one of the big and industrially very 
successful classes of solid catalysts. Other members of this family of materials 
include metals, transition metal oxides and sulfides. From the fact that zeolites 
represent by far the youngest member of this family, some people were tempted 
from time to time to expect too much from zeolites or to promise too much about 
their capabilities. This (and the latter in particular) is regrettable, yet from the facts 
that some arduous expectations were not met and some promises were not 
fulfilled, one should by no means conclude that zeolite catalysis has come to its 
end. 

Here are a few research directions in zeolite catalysis along which we expect 
significant progress in the future: 

(i) There are by now (cf. Figure 3) 133 crystallographically distinct zeolite 
structures of which, however, less than 10 (cf. Table 1) have found 
applications as catalysts on an industrial scale. Many of the remaining 
structures are candidates for catalysis, yet their performance is largely 
unexplored. 

(ii) In the vast majority of cases, zeolite catalysts have been employed in an acid 
(or bifunctional) form. The acid strength of zeolites turned out to be higher 
than that of many other solid acids, e.g., of amorphous Si 02 -Al 203 , hence the 
relatively high activity of zeolite catalysts. Techniques are available to lower 
the acid strength of zeolites, if this is beneficial for catalysis. Conversely, 
some applications call for superacid sites in zeolites with a much enhanced 
strength of the acid sites. The generation of such sites without sacrificing the 
traditional advantages of zeolites (thermal stability, lack of toxicity and 
corrosiveness, environmentally benign operation) continues to be a 
challenge. 

(iii) Zeolites are ideal hosts for a large variety of catalytically active guests. The 
exploration of zeolite-hosted guests as catalysts touches many fields of 
heterogeneous catalysis, including base catalysis, enantioselective and 
diastereoselective catalysis, highly selective catalysis on transition metal 
complexes or even catalysis by enzymes. It is obvious that catalysis by 
zeolite-hosted guests has strong links to the heterogenization of 
homogeneous catalysis. 

(iv) With the advent of highly sensitive spectrometers and sophisticated 
computers for data handling, the direct (in-situ) observation of working 
zeolite (or other solid) catalysts and of the adsorbates on their surfaces 
becomes more and more feasible [193]. From such in-situ spectroscopic 
techniques, we expect much new insight into the complex series of steps 
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involved in zeolite catalysis and this, in turn, might contribute to a rational 
design of improved catalytic materials. 

(v) Completely novel materials are steadily emerging from modem solid-state 
chemistry and materials science. Many of these materials are porous, and 
again a considerable portion of these possess regularly formed micro- or 
mesopores (excellent descriptions of such materials can be found in refs. 
[194,195]). The potential of these materials in catalysis is largely unexplored 
- obviously the communities of solid-state chemists and experts in 
heterogeneous catalysis have to be brought together. 

Indeed, catalysis on zeolites has matured in that zeolites have found their firm 
place in the family of catalytically most important materials. Other members of 
this family will continue to provide better solutions to many open problems in 
catalysis. On the other hand, nobody who deals with heterogeneous catalysis can 
afford to ignore zeolites and their potential in the solution of numerous open 
catalytic problems. 
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Abstract. In this chapter, the different preparation processes for the synthesis of 
heterogeneous catalysis are described, including co-precipitation, sol-gel technique and 
hydrothermal method. The extension to the different steps of industrial scale preparation is 
also considered. The preparation of supported catalysts by different techniques, including 
incipient wetness method, classical impregnation at a given pH, is also described. 

These methods are applied for the preparation of single or mixed metal oxides, 
heteropoly oxometallates, clays and metals either as bulk or as supported materials. In 
addition, some emphasis is placed on the preparation of acid and base catalysts and some 
specific examples are described. 



1 General Introduction 

Contemporary solid catalysts are rather refined and sophisticated materials derived 
from commercially available chemicals. The variety of such chemicals for the 
preparation is quite wide, indeed some catalysts can be prepared by many different 
routes but, in general, some general elementary steps or operations have to be 
followed. These steps or operations are based on two approaches, (a) detailed 
knowledge of the scientific laws which govern chemical and physical trans- 
formations based on the fundamentals of inorganic or solid state chemistries, or 
(b) empirical observations related to carefully guarded know-how. For many 
years, this carefully guarded knowledge led to heterogeneous catalyst preparation 
being considered a “black art” rather than a scientific endeavour. Recent studies 
have, in part, changed this perception, but much remains to be done and, at 
present, too few detailed preparation studies have been undertaken. One reason for 
this paucity of definitive study is that many industries are highly secretive 
concerning preparation methodology, this real know-how represents the true 
intellectual property of catalyst preparation. Although general methods are 
disclosed in the patent literature, often these prove difficult to replicate, sometimes 
due to inappropriate experience and, sometimes, due to different purity of reagents 
and other ill-defined factors. To some extent, this was encapsulated by Syd 
Andrews’ reference to a “general muck theory of catalysis” since it is often the 
parts of the catalyst that are not analysed for, what Andrews referred to as “little 
bits of muck between well defined crystallites”, that play a role in catalyst 
preparation and performance. The advent of new analytical and microscopic 
techniques has started, finally, to shed light in this area. 
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In general, catalysts used in industrial reactors must have the correct texture, 
attrition resistance, and shape for the application. Texture is a collective term for 
surface area, pore structure and bulk density. This is one of the most important 
factors to be addressed at the outset of catalyst preparation. For example, partial 
oxidation catalysts typically have low surface area and mesopores together with 
macropores. Higher surface area materials would, generally, lead to non-selective 
oxidation due to sequential oxidation of the desired product. In contrast, catalysts 
for hydrocarbon formation often require high surface areas (e.g. methanol 
conversion to gasoline). Hence, at the outset of a catalyst preparation, it is 
important to consider the desired texture required for the material and this must be 
based on a knowledge of the chemistry of the target catalysed reaction. The 
attrition resistance and shape of catalyst particles are factors dealt with in 
subsequent stages of catalyst preparation but, again, need to be considered at the 
outset of the process. For example, it is important to recognise whether the 
catalyst must withstand thermal shock, e.g. in car exhaust catalysts, or abrasion, 
e.g. in entrained bed reactors. The primary variables are solute concentration in 
solution, temperature, pressure, pH, time (ageing, ripening, ....). Three types of 
catalyst can be distinguished : 

1 . Bulk catalysts and supports 

2. Impregnated catalysts starting from preformed supports 

3. Mixed-agglomerated catalysts 

A typical industrial operation for manufacturing catalysts can comprise : 

1. Precipitation or other synthesis process (e.g. sol-gel, solid-solid, flame 
hydrolysis, vapour deposition) 

2. Hydrothermal transformation 

3. Decantation, filtration, centrifugation 

4. Washing 

5. Crushing and grinding 

6. Forming and/or shaping operations 

7. Calcination 

8. Impregnation 

9. Mixing 

10. Activation, reduction 

In general, catalyst preparation can be schematically represented as : 

Chemicals — ► Catalyst Precursor -►^orm — ► Final Catalyst 

(control impurities) (texture) (texture, shape (texture, 

attrition resistance) attrition resistance) 

Bulk catalysts comprise mainly active substances but some inert binder is often 
added to aid the forming and/or shaping operation. This is the case, for instance, 
for silica-alumina for cat-cracking, copper and chromium oxide for the water gas 
shift reaction, iron molybdate for the oxidation of methanol to formaldehyde, 
vanadyl pyrophosphate for butane oxidation to maleic anhydride, etc. However, in 
some cases, bulk catalysts are used as prepared, without the need for addition of 
the binder. Typically, this involves catalysts prepared by high temperature fusion. 
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e.g. the iron-based ammonia synthesis catalyst. The need for the addition of 
binder, or the requirement for pelleting, solely depends on the strength required 
for the catalyst under the reaction conditions and the reactor type it is used in. This 
requires consideration of attrition resistance, and catalysts required for use in 
entrained-bed reactors will need different strength characteristics than those used 
in fixed-bed reactors. 

Supported catalysts are prepared for a large variety of reasons such as obtaining 
bifunctional catalysts, high dispersion of the active phase, better diffusion of gases 
through the bed, better mechanical resistance to attrition (moving or fluidised beds 
reactors), better thermal conductivity, improved catalytic properties induced by 
active phase-support interaction, to name but a few of the many potential appli- 
cations/requirements of heterogeneous catalysts. 

In this Chapter, we will discuss initially some general principles concerning the 
methods for the preparation of heterogeneous catalysts (sections 2 and 3). 
Following these general comments, examples for the preparation of oxide (section 
4), metal (section 5) and acid-base catalysts (section 6) will be given to exemplify 
more specifically the detail. 



2 Preparation of Bulk Catalysts 

2.1 Precipitation Method 

This is the most widely used method, because it is usually facile and economic. 
However, the method is rather demanding since it necessitates product separation 
after precipitation and large volumes of salt-containing solutions. Some industrial 
catalysts obtained by precipitation and co-precipitation are given in Table 1. One 
proceeds usually by precipitation from a solution by adding a selected solution to 
reach the necessary pH. It gives either lyophobic crystallised precipitates or 
lyophilic precipitates in the form of gels, amorphous or poorly crystallised. 
Nucleation, which corresponds to the appearance of solid seed crystals in the 
mother liquor, can be homogeneous or heterogeneous. For the homogeneous 
nucleation, the seeds are formed from a pure solution through an interaction 
between ions or molecules that starts an irreversible crystallisation by forming 
agglomerates under conditions of supersaturation. This continues up to simple 
saturation in the solution. Heterogeneous nucleation, which is more common, has 
the seeds formed through contact with any solid that can lower the energy barrier 
enough for their formation. The solid can be impurity, walls of the apparatus, or 
an intentionally added seed. The growth of the nuclei is an heterogeneous process 
occurring at the solid- solution interface at a rate depending on the supersaturation 
extent. The dimension of the crystals produced depends on the ratio of the rate of 
nucleation to that of the crystal growth. The greater this ratio is, the smaller will 
be the crystallites and vice versa. 




220 GJ. Hutchings and J.C. Vedrine 



Table 1. Some industrial catalysts prepared by precipitation or coprecipitation [taken from 
ref 1] 



Catalysts 


Important applications 


SiO^-AlA 


acid catalysed reaction e.g. FCC isomerisation. 


FeA 


Fisher Tropsch reaction, ethyl benzene to styrene 


Ti02 


major component of DeNOx catalysts 


ZrOj-SO/ 


strong acid reactions 


Cu-Zn0/Al203 


methanol synthesis 


(V0)2PA 


selective oxidation of butane to maleic anhydride 
oxidation of pentane to phtahc anhydride + maleic 
anhydride 


Cu-Cr oxides 


hydrogenations, combustion reactions 


AIPO4 


acid-catalysed reactions, polymerisation 


Sn-Sb oxides 


oxidation, as propene to acrolein or isobutene to 
methacrolein 


Bi molybdates 


propene selective oxidation/ammoxidation to 
acrolein/acrylonitrile 


V-Mo oxide 


selective oxidation of acrolein to acrylic acid 



In the case of co-precipitation for mixed oxides, the crystals will appear as 
soon as the solubility limit is reached. The right choice of salt precipitating in 
similar conditions is thus crucial. Also the pH should be carefully adjusted and 
preferably kept constant during precipitation. It is, therefore, considered preferable 
to add continuously the salts to be precipitated to the precipitating agent solution 
rather than the reverse. Two methods can be identified, (a) constant pH method 
and (b) variable pH method in which the pH continuously changes during 
precipitation until a desired end-point is reached. Continued stirring of the 
precipitate in the precipitating solution (often called mother liquor) can change the 
properties of the precipitate markedly. This process is referred to as ageing. 

The main factors influencing the properties of the final product are summarised 
in Figure 1 . 
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pH 



Solution 

composition 

~7 



purity; 




Fig. 1. Parameters affecting the properties of final precipitate (reproduced from ref. 1 p. 77) 



2.2 Sol-Gel Method 

A second well used method is based on the sol-gel process which allows the 
preparation of aerogels or xerogels. A sol is a suspension of solid particles in a 
liquid as colloidal particles in the nm to |Lim size range. A gel is a coagulated form 
of sols (solid encapsulating a liquid). The sol-gel synthesis is an established and 
widely spread preparation technique employing monometallic alkoxides M(OR)„ 
which are hydrolysed to create polymeric oxide gels [2-11]. The first step corres- 
ponds to a partial hydrolysis with monomer formation: 

M(OR)„ + X HP M(OH)^(OR)„.^ + x ROH 

The second step involves a condensation, which creates M-O-M bonds and 
forms a sol by dehydration or dealcoholation according to: 
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M-OH + M-Hp ^ M-OH-M + Hp (olation) 
-M-OH + HO-M- ^ -M-O-M- + HP (oxolation) 



or 



-M-OH + RO-M- -M-O-M- + ROH 
Note that olation process is much faster than oxolation. 

The third step is the formation of a gel in which a cross-linked gel forms during 
drying or ageing of the gel. For example: 

(n+1) (CP30)3Si0H ^ (CP30)3Si[0Si(0CP3)JpH + n Cp^OH 

and then by cross-linking 



+ n HP 

(CP30)3Si[OSi(OCP3)JpH ^ (CP30)3Si[OSi(OCP3)OH]pH + n CP3OH 

A, -HP, - CP3OH 

(CP30)3Si[0Si(0CP3)0H]pH SiO.gel 

As polymerisation and cross-linking progress, the viscosity of the sol gradually 
increases until the sol-gel transition point is reached. At this point the viscosity 
abruptly increases and gel formation occurs. Further increases in cross-linking are 
promoted by drying or other dehydration methods. Maximum density can be 
achieved in a process called “densification” in which the isolated gel is heated 
above its glass transition temperature. The densification rate and transition 
(sintering) temperature are influenced primarily by the morphology and compo- 
sition of the gel. 

The water to alkoxide ratio, the nature and number of the alkyl group (length, 
steric hindrance, molecular weight), the size and oxidation state of the cation, i.e. 
its ability to change its coordination state, the pH, the time in solution (ageing) and 
the temperature are important parameters. Gels prepared at low pH and R value 
normally possess a lower cross-linked content. Alcogels are formed in alcohols 
and hydrogels in water. If the liquid (solvent) is removed by evaporation one 
obtains solid xerogels, if it is removed by supercritical drying one gets aerogels 
[ 6 ]. 

From a fundamental viewpoint, it can be considered that sol gel chemistry is 
that of nucleophilic reactions in which the important parameters are the steric 
hindrance of the alkoxy groups, the electronegativity of the central metal atom and 
the ability of the central positively charged metal to increase in coordination 
number. The reactivity of the alkoxide increases as the electronegativity decreases 
and size of the central atom increases. Inorganic acids may act as catalysts by 
reversibly protonating negatively charged alkoxide ligands, thus increasing the 
rate by providing a better leaving group. Basic catalysts provide improved 
nucleophilic attack and result in deprotonation and, therefore, enhance conden- 
sation. In the case of transition metals oxides reactivity is very high and the 
coordination number is more important that the existing oxidation state. In 
general, the ease of hydrolysis of metal alkoxides decreases as the chain length of 
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the alkyl groups is increased. Also, the more water repellent the alcohol, the less 
readily the alkoxide hydrolyses. 

To prevent agglomeration, chelating agents are used, e.g. acetyl acetone, acetyl 
acetoacetate, glycol.... The glycol controls the crystallite size in a manner depen- 
ding on upon the carbon number of the glycol such as C2 , C3 < « C4. 

If hydrolysis and condensation rates are slow, sols are obtained, if hydrolysis 
rate is slow and condensation rate is fast, precipitates form, if hydrolysis rate is 
fast and condensation rate is slow, polymeric gels are synthesised and, if 
hydrolysis and condensation rates are fast, colloidal gels or gelatinous precipitates 
are formed [ 3 ]. 

Hydrogels and flocculates result from a sol formed of micelles which remain 
separated due to electrical charges on the surface and in the surrounding solution. 
These charges stop coagulation of the micelles into multi-micelles particles. The 
hydrogel results from a three-dimensional reticulation of these micelles in a web- 
like framework that encapsulates water molecules. This reticulation follows a 
polycondensation process similar to that producing the micelles. It takes place 
sufficiently slowly to be followed experimentally. The time required depends on 
the chemical nature of the original salts, on the concentration of micelles, the 
temperature, the ionic nature of the solution and especially the pH. The density of 
the gel increases with the concentration of the initial salts in the solution and with 
the speed of the gel formation. Flocculates are usually denser than hydrogels, but 
in both cases the elementary solid particle has the dimension of the original 
micelle. The difference between precipitates, flocculates and hydrogels is not 
always clear. For instance zeolites and molecular sieves are usually prepared from 
the starting point of an amorphous gel of silica and alumina, or other oxide, to 
form a very porous crystalline material. At variance in the case of alumina, 
amorphous or, more or less crystallised products are obtained depending on the 
starting salts and the pH, as illustrated in Figure 2 . 
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Solubility 




Fig. 2. Precipitation regions of alumina as a function of the pH (reproduced from 
ref. 12 p. 84) 



Binary and ternary oxides have been prepared by sol-gel process. For preparing 
mixed oxides or hydroxides, several possibilities exist 

• co-precipitation by changing the pH of an aqueous solution 

• mixing sols of different hydroxides or oxides 

• mixing of sol and solution followed by gelation 

• preparing double alkoxides or alkoxy salts 

• slow hydrolysis of two precursors 

The great difficulty that resides in the simultaneous hydrolysis of both the 
alkoxides is that the rates of hydrolysis are frequently different. If no care is taken 
one generates one oxide coating the other one. The homogeneity of the mixed 
oxide gels depends on the relative reactivities of the two alkoxides. 

For the preparation of double salts and alkoxides, the most popular method 
involves dissolving the two alkoxides in a mutual solvent, mixing the solutions, 
and refluxing at elevated temperatures, e.g. refluxing an aluminium 5^ec-butoxide 




Heterogeneous Catalyst Preparation 225 



and magnesium methoxide in alcohol at 327 °C. One can also prepare a double 
alkoxide by refluxing the oxide of the first element with the alkoxide of the second 
element in alcohol. Bradley [13] provided an excellent summary of available 
double alkoxides and techniques used in their synthesis. 

Another way around the problem of heterogeneity is to pre-hydrolyse the more 
reactive alkoxide in moist air to passivate the hydrolysis process, or to hydrolyse 
first the less reactive alkoxide separately into long chain polymers on which some 
hydroxyl groups would remain and to which the second alkoxide could be 
anchored. 

Some examples of the use of sol gel technique for the synthesis of catalysts are 
given in Table 2. 

One of the most important factors that determines gel structure is the hydrogen 
bonding, due to hydroxyl groups remaining in the gel even after drying. The sol- 
gel evolution can be distinguished by three phases: (i) ageing, polymerisation 
taking place in the liquid phase, (ii) in the formation step a macroscopic lattice 
appears leading to an amorphous network, and (iii) in the stabilisation step the gel 
volume decreases as the solvent evaporates leading to a rigid structure. 

Polymerisation induced colloid aggregation (PICA) method has been proposed 
for the controlled aggregation of zirconia colloids into aggregated particles within 
a narrow size distribution [14]. 



Table 2 . Some proposed materials prepared by sol-gel technique for given reactions [taken 
from ref. 1] 



Catalysts 


Reaction 


VA, VA/TiO^, VA-W 03 /Ti 02 


selective catalytic reduction of NOx 


Nb 205 /Si 02 


isomerisation of n-butene 


CrA 


fluorination of C2CI3F3 with HF 


Pt-Sn/Al203 


n-heptane dehydrocyclisation, propane dehydrogenation 


transition metal /AI2O3 


polymerisation/co-polymerisation of alkenes 


Ni-Mo/Ti02-Zr02 


hydrodesulfurisation of gas-oil 


Pb0-Zr02, Pb 0 -Al 203 


nitroxidation of alkenes 


Li^/MgO promoted by Cl 


oxidative dehydrogenation of ethane 


Ptyri02 


oxidation of CO 


Pd/Si 02 


hydrogenation of phenylacetylene 



A polymer formed in the colloidal sol from urea and formaldehyde assists the 
aggregation of zirconia particles. Further calcination allows to get rid of the 
polymer and to sinter zirconia particles into desired beads (0 ~ 100 nm) up to 900 
°C, which increased mechanical strength and maintained their porous cha- 
racteristics. 



2.3 Other Methods 

2.3.1 Hydrothermal Synthesis 

Some other methods, in particular for the preparation of mixed oxides, zeolites 
and other molecular sieves consist in solid-solid reaction at high temperature in 
dry or in hydrothermal conditions. The synthesis of molecular sieve materials is 
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well documented and, generally, this involves a classical precipitation method at a 
given pH under atmospheric pressure such as for zeolites (silica-alumina as A-, X 
or Y-types), but also more typically by adding relatively bulky alkyl carbonium 
cations to the solution, e.g. tetra-alkyl ammonium cations that have been used as 
templating agent since the pioneering work by Barrer in the early 1960s [15]. The 
synthesis is then hydrothermal under autogeneous water pressure at the chosen 
temperature (usually 150-200 °C). The most typical syntheses were those of (i) 
MFI (ZSM-5) using tetrapropyl ammonium hydroxide as templating agent, (ii) 
AIPO 4 , MeAPO molecular sieves initiated by the work of Flanigen from Union 
Carbide in the 1980s [16, 17] to try to reproduce silica-alumina zeolite structures 
or expand to new structures, and (hi) mesoporous materials of controlled pore size 
and narrow size distribution in the 2-10 nm range, such as MCM 41, HMS, 
initiated by the work of Mobil’s researchers in the early 1990s [18,19]. This huge 
effort in molecular sieve materials, resulting in several hundreds of new structures 
with large variety of monodisperse pore size, mono or tri dimensional network, 
acidic or redox properties has opened a tremendous hope for new catalysts. 
Entrapping organic complexes within the zeolite porous system, initiated in the 
1970s at IRC, CNRS, Villeurbanne [20,21], and further designated as “ship in the 
bottle” has also opened new fields for the heterogenisation of homogeneous 
catalysts and enzymatic catalysis. For mesoporous materials the wall thickness 
appeared also as determining the thermal stability [ 22 ] and the location 
(accessibility) of the active sites [23]. It is not our objective to describe in this 
chapter this huge field of catalyst preparation (it is presented in another chapter) 
but to mention this field of intense research activities, including a few examples of 
zeolites used industrially as for faujasite (X or Y-type), mordenite (MOR), beta 
(BEA), ZSM-5 (MFI) or SAPO-34. 

2.3.2 Flame Hydrolysis 

In this technique a precursor (usually a volatile metal chloride or carbonyl), 
hydrogen and air or oxygen are brought into contact in the flame of a torch. The 
precursor is hydrolysed by water formed by hydrogen combustion. Close but 
different to this method is the flame oxidation in which the volatile precursor 
compound is oxidised and not hydrolysed, hydrogen being not added in the torch 
feed, for instance to produce coarser pigment grade Ti 02 by oxidising TiCl^. The 
reaction is then weakly exothermic and necessitates the feed to be preheated up to 
1000 °C. 

A related process is spray pyrolysis which is a droplet to particle process 
against a gas to particle process in the former two cases. These three processes are 
commonly called aerosol processes. 

The flame hydrolysis process is used to produce high surface area oxides [24- 
26] such as AICI3 [24], Ti 02 , Fc203 [25], and many others on a large industrial 
scale. The most well known example is fumed silica [26]. The process is suitable 
for all volatile compounds able to give an inorganic oxide by oxidation, hydrolysis 
or decomposition (e.g. alcoholate decomposition). Some examples are given in 
Table 3. 
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Table 3. Major oxides produced by flame hydrolysis [taken from ref. 1] 



Product 


Precursor 


AlA 


AICI3 


A1P04 


AICI3-PCI3 


A1B03 


AICI3-BCI3 


Al 203 -Si 02 


AlCh-SA 


Bi203 


BiCh 


Cr203 


CACI2 


FeA 


Fe(CO)5, FeCh 


Ge02 


GeCl^ 


NiO 


Ni(CO)4 


M0O3 


M0CI5, M0O2CI2 


Si02 


SA 


Sn02 


SnCl4, Sn(CH3)4 


Ti02 


TiCh 


VA 


VOCI3 


WO3 


WCl^, WOCI4 


ZrO, 


ZrCl, 



2.3.3 Other Methods 

Some other preparation methods can also be used such as molten salts, vapour 
deposition (CVD), surface organo metallic chemistry grafting,.... but these are 
considered more exotic and are restricted, at present, to the laboratory scale and, 
consequently, will not be developed further in this Chapter. 



2.4 Forming Operations 

When a precipitate is formed and dried, typically a fine powder is obtained. The 
next step for industrial catalysts is either calcination and then forming or vice 
versa. This depends mainly if calcination causes large structural changes, which 
may then destroy an earlier forming operation. Two extremes cases can be 
distinguished depending if micro granules or granules in the millimetre range are 
required. 




228 GJ. Hutchings and J.C. Vedrine 





Pdleting 




Pellets of 
iron molybdate 




PresuFfided 
h ybrod esu I f jf iza t i on 
catalyst 



Fig. 3. Typical arrangements of unit operations for manufacturing catalyst (reproduced 
from ref. 12 p.l05) 



For micro granules, two main processes exist: 

(i) Spray-drying accomplishes drying and forming simultaneously. It 
consists in spraying microdroplets of the product to be dried into a flow 
of hot gas. Beads of 7-700 jam can be formed. This is used for fluidised 
bed catalytic cracking microbeads formed from silica-alumina/clay doped 
with rare earth exchanged Y-type zeolite. 

(ii) Drop coagulation can be performed from metastable sols suspended in 
a different liquid phase and correspond to simultaneous gelling, ripening 
and forming. The aqueous sol is distributed in the form of droplets by a 
vibrating sparger whose noses are sized to the desired diameter of the 
beads. Brace GmbH (Alzenau, Germany) has commercialised such an 
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equipment. The bead size distribution is quite narrow and the bead size 
ranges from 100 pm to 1 mm. 

For granules, the raw material in the form of powder or paste can be 
transformed by pelletising, extrusion or pan granulation (agglomeration of the 
powder into beads by moistening it as it rolls in a rotating pan). 

For industrial catalyst preparation operations the typical steps necessary are 
shown schematically in Figure 3. 



3 Preparation of Supported Catalysts 

3.1 Simple Impregnation 

A way of improving the dispersion of an active phase is to spread it on a support. 
The preferred preparation starts from a preformed support which already possesses 
its desired porous texture and mechanical toughness. The active species is 
introduced by impregnation with a solution containing a precursor, the choice of 
which is crucial for the final dispersion. Another important factor is the sequence 
of the different steps of the impregnation. There are a number of possibilities, (i) 
the incipient wetness impregnation followed by drying (no equilibrium could be 
reached), (ii) equilibrated deposition followed by filtration and then drying of the 
precipitate and, (iii) the equilibrated precipitation followed by drying by 
evaporation of the solvent without filtration. One can also distinguish 
impregnation with no interaction when no specific interaction occurs and 
impregnation with interaction when a specific interaction is foreseen. In the 
former case, the dispersion depends on the precursor solubility, i.e. on the nature 
of the starting salts, the velocity of precipitation of the precursor during drying and 
on the porous structure of the support. The support acts as a spacer, i.e. it 
maintains the separation of the small crystals formed and slows down the crystal 
growth process. The interaction of the active phase and the support is physical in 
nature, but there is always some chemical interaction, giving rise sometimes at the 
extreme to a sort of chemical compound at the interface. For example some 
aluminate can be formed when alumina, a very common support, is used. The 
scientific aspects of this interaction will be developed subsequently. In the latter 
case (i.e. with interaction) the impregnation takes advantage of the interaction of 
the impregnating solution with the support so as to obtain high dispersion of the 
precursor, up to 1 (atomic dispersion). The problem is to maintain a high 
dispersion in the subsequent steps of drying, calcination and, eventually, 
reduction. In order to perform an impregnation with an effective interaction it is 
necessary to consider that true ion exchange reactions occur during the 
impregnation between ions of the precursor in solution and that of the support 
surface. These reactions are characterised by rate constants and equilibrium 
constants. The kinetics of exchange is usually very fast for reactions highly 
favoured by thermodynamics and will lead to a non-uniform distribution of the 
precursor inside the particle, since diffusion of the precursor within the pores is a 
slow process. In order to improve the dispersion, the exchange process can be 
retarded by competitive adsorption/exchange of other ions. This is well known 
when preparing supported particles, for which Cl or NH/ ions are added to a 
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solution of hexacholoroplatinic acid or platinum tetramine chloride, respectively, 
to improve the metallic particle dispersion [28,29]. 

It must also be considered that the surface of a support changes its polarisation 
according to the value of the pH of the solution with respect to the isoelectric 
point of the solid (IEPS)[29], sometimes designated the zero charge point (ZCP) 
or the pristine point of zero charge (PPZC). Schematically the equation involved 
in the surface polarisation is written: 

in an acid medium: S-OH + H^A ^ S-OH/ A 

in a basic medium: S-OH + B^OH <-> S-0 + H 2 O 

where S designates the surface. This is depicted in Figure 4 [27]. At pH below 
the lEPS point the surface is positively charged and attracts anions for simple 
electrostatic reasons, while above the lEPS point cations will be attracted by the 
negatively charged surface. The capacity of ion adsorption as a function of pH can 
be done either by measuring the electrophoresis velocity or by neutralisation 
experiments at constant pH. Some lEPS values for commonly used supports are 
given in Table 4. 




acid pH 



basic pH 

isoelectric point 
or 

zero point of charge 



Fig. 4. Schematic representation of a surface polarisation of an oxide particle as a 
function of the pH of the solution (reproduced from ref 27) 
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Table 4. Isoelectric points of various oxides [28] 



Oxide 


ffiPS 


Adsorption 


SbA 


<0.4 




WO3 hydrous 


<0.5 


Cations 


SiO^ 


1.0 -2.0 




Mn02 


3.9 - 4.5 




SnOj 


~5.5 




Ti02 (anatase, rutile) 


~6 


Cations 


T-FCjOj 


6.5 - 6.9 


or 


Zr02 hydrous 


~6.7 


Anions 


Ce02 hydrous 


-6.75 




Cr203 hydrous 


6.5 - 7.5 




a», Y - AI2O3 


0 

ON 

1 

0 




a - Fc203 


-8.9 


Anions 


ZnO 


8.4 - 9.0 




1^03 hydrous 


8.7 - 9.7 




MgO 


-10.4 

12.1-12.7 





A deposition-precipitation method to get an uniform distribution of small metal 
particles has been proposed by Geus et al [ref.l, p. 247]. In this method urea is 
added to the metal solution which is mixed with the support at room temperature. 
Then the temperature is raised to 70-90 °C, where hydrolysis takes place 
according to: 



CO(NH^), + HP ^ 2 NH; + CO, + 2 OH 

The hydroxyl groups produced are homogeneously distributed in the solution, 
resulting in homogeneous local pH within the solution. As precipitation occurs at 
lower concentration on the surface than in the bulk of the solution, due to support- 
precursor interaction, precipitation is achieved on the support surface exclusively. 

Another point, which is obvious but has only recently been considered 
scientifically by Che and co-workers [30-32], who proposed the concept of 
interfacial coordination chemistry, is the partial dissolution of the support surface 
by the impregnation solution at the pH chosen and the formation of an adsorption 
layer. They consider that the active phase-support physical or chemical interaction 
described above for alumina support is not really relevant. They prefer to consider 
selective and non-selective or reversible and non reversible interaction at a 
molecular level. In this approach the authors consider the solid oxide support (in 
general, its surface hydroxyl groups) and the transition metal complex (TMC) 
solution interaction and the “ad surface layer” between the solution and the 
positively or negatively charged surface of the support shown schematically 
below: 



ex + [M(H,0) ^ I ex [M(H,0) 
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The molecular species between the surface and the metal complex from the 
solution may be formed without giving rise to a separate solid phase and is then 
difficult to identify. However such species could be identified such as the 
formation of Ni phyllosilicates such as Ni antigorite in the preparation of Ni/Si02 
catalyst [ 33 ]. A specific example is the study of the impregnation of alumina with 
an heptamolybdate solution [ 32 ]. It involves reaction in the aqueous phase of 
[Mo 7024]^ with [A1(H20)J^^ cations formed by slight surface dissolution of the 
alumina support. If the heptamolybdate solution is maintained over the alumina 
for several hours, some heteropolyanions [Mo^Al(OH)gOjg]^ are formed while 
stopping rapidly the reaction by freeze-drying keeps the original [Mo2024]^ anion. 
After calcination at 400 °C the former sample gives large M0O3 crystals while in 
the latter case the MoO^ species formed are well dispersed. This example shows 
that the knowledge of the kinetics of the interfacial reaction is important for the 
formation of well dispersed oxide phase on an oxidic support. Geochemists have 
known about the phenomenon for some time since it explains many slow 
geochemical processes observed in the nature. 

Another example is worthy of mention. When preparing a molybdenum oxide 
phase dispersed on silica, it was observed [ 34 ] that the dispersed MoO^ species 
were different and presented different catalytic properties as a function of 
molybdenum loading at the same neutral pH of the solution at the start of the 
precipitation (lEPS for silica equals about 2 ). At low loading, acidic properties 
were observed and these were shown to arise from silico molybdic acid, known to 
be a strong acid, formed at the interface. At a higher loading, a bidimensional 
MoO^ layer was formed which exhibited low acidity but catalysed the reaction of 
propene to allylic alcohol via nucleophilic attack. For M0O3 crystallites formed at 
high molybdenum loading (above monolayer coverage) the oxidation of propene 
gave acrolein via an allylic attack, following a redox Mars and van foevelen 
mechanism. 



3.2 Co-Impregnation 

The principles governing a simple precursor remain valid when the operation 
concerns two precursor agents. It obviously implies that exchangeable ions have 
the same polarity and are compatible in solution at the chosen pH. Selectivity 
coefficients should thus be close. Otherwise two successive impregnations should 
be carried out. 



4 Oxide Catalyst Preparation 

Oxides are used extensively in catalysed processes either as catalysts, supports, or 
precursors to active catalysts. For example, mixed oxides are readily transformed 
to supported high area metal catalysts on reduction in situ in the reactor, or can be 
transformed to sulfide by reaction with hydrogen sulfide or dimethyldisulfide in 
situ in the reactor. Hence, oxide preparation is a general starting point 
underpinning the origin of many commercial catalysts. In view of this diversity, 
this section will deal with only selected examples that are designed to emphasise 
key features. 




Heterogeneous Catalyst Preparation 233 



4.1 Single Oxides 

Single oxides are not often used as catalysts, but they are often used as catalyst 
supports and, consequently, their preparation can be of crucial importance. 
However, some single oxides, e.g. MgO and y-Al203, have been used as catalysts 
as well as supports. It should be recognised that oxides can be prepared by a 
variety of methods, e.g. oxidation of the metal or thermal decomposition of 
nitrates, carbonates, basic carbonates, hydroxides, and some of these precursors 
are prepared through precipitation techniques. Hence, it is important to consider 
single oxides as a starting point for oxide preparation. MgO preparation serves as 
an example of the importance of controlling the morphology of crystallites. MgO 
was shown by Lunsford to be an effective catalyst for methane coupling [35]. 
However, evaluation of the subsequent catalyst literature [36] showed that MgO 
could exhibit distinctly different catalytic performance, even though all the 
samples were described as pure MgO. MgO is cubic and all exposed faces can be 
indexed as (100), (010) or (001) and, by powder X-ray diffraction, all these MgO 
catalysts were identical. A detailed study of MgO showed that the preparation 
method can influence the morphology of the crystallites [37]. Three methods of 
preparation were investigated (i) thermal decomposition of the hydroxide, (ii) 
burning Mg in air (ribbon residue) and (iii) thermal decomposition of the basic 
carbonate (3 MgC03.Mg(0H)3.3H20) and all materials were calcined at 800°C. 
When tested for methane coupling (Table 5), the MgO (ribbon residue) and MgO 
ex hydroxide gave similar C2 selectivities but the ex hydroxide sample has a 
higher surface area and, consequently, was more active. The MgO ex basic 
carbonate was much more selective to C2 hydrocarbons. Calcination of the 
samples at 1100°C showed that the ex basic carbonate sample now gave the same 
C2 selectivity as the MgO (ribbon residue). Detailed transmission electron 
microscopy [37] showed that MgO samples displayed different morphologies and 
the catalytic performance could be linked to these differences in morphology. The 
MgO (ribbon residue) showed cubic morphology (100 planes) with a broad size 
distribution of crystallites (100 - 200 nm). The MgO ex hydroxide showed cubic 
morphology with 100 planes, together with much smaller particles (20 - 40 nm). 
The MgO ex basic carbonate (800°C) was much less regular in shape and the 
surface of the crystallites appeared to be highly faceted (often referred to as higher 
index mean planes, pseudo (111)) with small particles (20 - 40 nm) which, on 
calcination to 1100°C, became similar in morphology to those of Mg (ribbon 
residue). 
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Table 5. Methane coupling over MgO^ 



Catalyst'’ 


MgO 

ribbon 

residue 

(800) 


MgO 

hydroxide 

(800) 


MgO 

basic 

carbonate 

(800) 


MgO 

ribbon 

residue 

(1100) 


MgO 

ribbon 

residue 

(1100) 


Surface area 
(m' g ') 


5 


21 


32 


3 


5 


GHSV (h ')c 


714 


7059 


2000 


714 


1429 


O 2 conversion" 
(%) 


97.0 


97.8 


98.1 


89 


86 


Selectivity (%) 


ethane 


19 


32 


17 


19 


21 


ethene 


10 


31 


12 


12 


8 


CO 


18 


15 


28 


27 


21 


CO, 


53 


22 


43 


42 


49 



^ Reaction conditons : 10^ Pa (1 bar), CH 4 /O 2 = 6 : 1, He as diluent, 700°C 
^ Figures in parenthesis give calcination temperature. 

GHSV varied to control O 2 conversion. 

Oxygen is limiting reagent. 

Hence, MgO provides a relatively simple demonstration of how catalyst mor- 
phology and, consequently, catalytic performance, can be controlled by the pre- 
paration route. These results help to explain how different samples of “pure” MgO 
could give different catalytic performances. 



4.2 Mixed Oxides 

Mixed oxides are the usual precursors to active catalysts commonly encountered 
in commercial operations. There are four general methodologies used for the 
synthesis of mixed oxides : 

(a) co-precipitation 

(b) precipitation via chemical reaction between reactive precursors 

(c) impregnation or adsorption onto a support 

(d) fusion (high temperature treatment). 

These will each be discussed in turn by reference to specific examples, since it 
is not the intention of this overview to describe a great number of preparations. 
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4.2.1 Co-Precipitation 

A number of catalysts and catalyst precursors are prepared as precipitates from 
basic medium. There are two general methods (a) constant pH and (b) 
increasing/decreasing pH to desired end point. The former provides the most 
control over the precipitation procedure. 

(a) constant pH method 

In this method, a basic solution and a solution of the metal cations is typically co- 
fed to a thermostatted vessel which is stirred and the mixed solution is maintained 
at a constant pH. This method has been extensively studied, e.g. Cu0/Zn0/Al203, 
the precursor for the Cu methanol synthesis catalysts [38]; Ni0/Al203, the 
precursor for the Ni steam refining catalyst [39]; CuMn204, synthetic hopcalite for 
low temperature CO oxidation [40]; Au/ZnO, catalysts for low temperature oxi- 
dation [41,42] and CoMn204, the precursor for high selectivity Fischer-Tropsch 
catalysts [43], and considerable details concerning the method are given in these 
studies. A number of factors are crucial in such preparations. 

( i ) choice of base It is important to consider the solution chemistry of the 
cations under consideration. For example, aqueous ammonia is often the base of 
choice for precipitations since, on subsequent drying and calcination, the NH ^ 
cation is decomposed to give NH3 and a surface hydroxyl group. However, for 
Cu^^ soluble complexes form with NH 4 and so aqueous ammonia is an unsuitable 
precipitating agent. For Cu^^, Na2C03 is typically used and extensive washing of 
the precipitate is required to remove residual adsorbed Na^ from the surface of the 
catalyst precursor [44]. 

(ii) choice of metal salt The anions present in the metal salt solution can act 
as catalyst poisons (e.g. chlorine acts as a reversible poison for Cu catalysts [44]) 
and, consequently, the metal salts used in catalyst preparation must be selected 
with care. Typically, nitrates are favoured since any nitrate anion adsorbed on the 
surface of the precipitate can readily be decomposed in the calcination step of the 
preparation. In this way, nitrate leaves no residue on the catalyst. Use of chlorides 
or sulfates can lead to the retention of either chlorine or sulfur on the catalyst 
surface, and hence these salts are usually avoided. 

(Hi) choice of pH Different cations form precipitates at different pHs (Figure 
5). It is important to select a pH at which both cations are precipitated by the 
selected base. For example, Co and Mn both exhibit the onset of precipitation at 
pH <5 as hydroxides and so pH 6.0 would be suitable. For the CuO/ZnO/Al203 
catalyst for methanol synthesis prepared by co-precipitation, the optimum pH is 
determined to be at ca. pH 7 (Figure 6). 

(iv) variation of cation ratio This can be closely controlled through variation 
of the ratio of the metal cations in the starting solution. However, it should be 
recognised that the ratio of metal cations in the precipitate often does not reflect 
that of the starting reagents. This is because cations can exhibit different rates of 
reactions with the base and often an equilibrium is established with cations 
remaining in solution and cations contained in the precipitate (i.e. dissolution and 
re-precipitation). A number of additional factors affect this process, including : 
rate of stirring, rate of reagent additives and temperature. 
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Fig. 5. Approximate pH values (at 26°C) at which precipitation of various metal salts 



commences. 
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(v) ageing The dissolution and re-precipitation of cations can lead to an 
important aspect of catalyst preparation, namely, ageing. This is when the 
precipitate is purposely left in contact with the precipitating solution for a period 
of time. This has been shown to be particularly important for CuO/ZnO catalysts 
[ 44 ], Au/ZnO catalysts [ 42 ] and CuMn204 catalysts [ 40 ]. For example, ageing of 
the CuMn204 catalyst significantly affects the crystallinity of the precipitate and 
leads to marked changes in catalytic performance (Figure 7 ). During ageing, 
agglomeration of precipitate particles occurs to form larger particles, changing the 
morphology of the precipitate and, also, the nature of the precipitate may change, 
for example in the CuO/ZnO system, a range of structures can form (e.g. 
gerhardite, a basic nitrate of Zn and Ca ((Cu, Zn)2(0H)3N03); aurichalcite, a basic 
carbonate of Cu and Zn ((Zn, Cu)5(0H)^(C03)2); malachite, a basic carbonate of 
Cu and Zn ((Cu, Zn)2(0H)2C03)) and the ageing process can influence the relative 
proportions of these phases. 














pH of* precipitation 



Fig. 6. Variation with pH on the properties of copper/zinc oxide catalysts prepared by 
precipitation (reproduced from ref. 44). 
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Fig. 7. Effect of ageing CuMnO^ precipitates on their catalytic performance for CO 
oxidation at 25°C (reproduced from ref. 40) 



(b) variable pH method 

This method is rarely used [44]. A solution of metal cations in the required ratio is 
added in a controlled way to a solution of a base, or vice versa. The pH of the 
precipitating solution, therefore, varies and the process is stopped when a pre- 
designated pH is reached. The factors identified above as important for the 
constant pH-method remain important for this method. It is a method that is often 
used for the preparation of iron containing catalysts, since Fe^^ precipitates at pH < 
3 for hydroxides and phosphates (Figure 5). Hence, if mixed oxides containing 
iron are required, the constant pH method often produces inhomogeneous 
precipitates, since Fe^^ will rapidly precipitate at high pH, whereas the other cation 
precipitation may be slower. For this reason, the variable pH method is often 
preferred in combination with post-precipitation calcination. 

4.2.2 Precipitation via Extended Chemical Reaction 

This can, perhaps, be considered as a subset of the previously described co- 
precipitation methodology; however, in this case a number of solution or surface 
processes occur prior to the formation of the final catalyst. In addition, co- 
precipitation involves the reaction between an acid and a base but, in many cases. 
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a catalyst precursor can be formed in the absence of a base. This is particularly the 
case for the formation of phosphates, e.g. AlPO^, BPO^ and VPO catalysts. 
Typically, a metal salt is reacted with a phosphorus compound, typically 
phosphoric acid under controlled conditions. Choice of the metal salt can 
influence the catalyst precursor structure. For example, with AlPO^, a catalyst for 
the formation of isoprene from the dehydration of 2-methylbutanal, using the 
reaction of aluminium chloride with phosphoric acid gives a mixture of 
cristobalite and tridymite phases of AlPO^, whereas use of aluminium sulfate gives 
pure tridymite [45]. The try dimite phase is inactive as a catalyst and, hence, the 
choice of reagent can be crucial in obtaining the desired catalytic performance. 

The most studied phosphate catalysts are VPO catalysts which are used for the 
oxidation of alkanes [46-48]. For these catalysts, VOHPO^.O.SHp is formed as 
the low temperature precursor phase and this is transferred in situ in the reactor in 
the presence of the alkane/air mixture to form the active catalyst that comprises 
mainly (V0)2P207, together with some VOPO4 phases. However, some catalyst 
manufacturers partly deliver fully ex situ pretreated catalysts to ensure that the 
pretreatment is fully controlled. 

A number of preparative routes for VOHPO4.O.5H2O have been published. The 
main aim of these preparations is first the control of the purity of the precursor 
and, secondly, the control of the morphology of the precursor. The second point is 
of crucial importance since the transformation to the final catalyst involves two 
topotactic transformations [49] (a) direct (VOHPO4.O.5H2O to (V0)2P202) at the 
edge of the precursor crystallites, and (b) indirect (VOHPO4.O.5H2O to bVOPO^ to 
(V0)2P202) at the centre of the precursor crystallites. In addition, control of the 
morphology also controls the surface area, and commercial catalysts typically 
have surface areas of ca 30 m^g To date, virtually all preparations have the same 
specific activity, regardless of the preparation route and, consequently, control of 
surface area dictates the activity of the fabricated catalyst [50]. 

Early research recognised that V0(H2P04)2 then present in catalysts can lead to 
lower surface area [50]. V0(H2P04)2 transforms to V0(P03)2 at a much lower 
temperature than the transformation of VOHPO4.O.5H2O to (V0)2P202. It is 
thought that the presence of V0(P03)2 arrests the development of the surface area 
of the final catalysts. However, it was also recognised that V0(H2P04)2 is highly 
soluble in water, whereas the desired precursor phase is insoluble. Most 
preparations now use a simple hot water extraction step to remove the undesired 
V0(H2P04)2 from the precursor prior to the fabrication and activation step. 

Early preparation methods used the reaction of V2O5 with HCl as a reducing 
agent either with water or an alcohol as a solvent. Following reduction of the V(V) 
to V(IV), the solution was reacted with H3PO4 (either 85% or 100%) and the 
precursor was formed by a prolonged reflux step. This method typically led to the 
formation of significant quantities of V0(H2P04)2 being formed and, in the 
absence of a hot water extraction step, gave variable catalytic performance. 

Most preparations now do not use HCl, and only the alcohol is used as a reducing 
agent. Johnson et al. [51] showed that V2O5 and H3PO4 could be reacted with 
isobutanol under reflux for 16 h to form very pure VOHPO4.O.5H2O. A number of 
subsequent studies have shown that a range of alcohols can be used. Johnson et al. 
[51] also showed that the preparation could be carried out in two steps : 

V,0, + H3PO, ) VOPO,.2H,0 
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Y0m,.2H<0 + alcohol > VOHPO,.0.5Hp + aldehyde/ketone 

It was subsequently shown that the choice of the alcohol for the dihydrate based 
route can readily control the morphology of the catalyst precursor [52]. Typically, 
primary alcohols give very thin platelet morphology, arranged in rosettes (Figure 
8 ), which are retained on activation, whereas secondary alcohols have much 
thicker platelets and lower surface area. More recently, Livage and co-workers 
[53] have shown that active catalysts for methanol oxidation can be prepared from 
the hydrogen of VO(OR )3 which involve VOPO 4 . 2 H 2 O as an intermediate in the 
preparation. They also report that the morphology can be controlled by the solvent 
and, in their reactions, THF is shown to give the best performance. 




pH 



Fig. 8. Metal uptake as a function of pH for 300 jim AI 2 O 3 particles : (a) tungsten, (b) 
cobalt (reproduced from ref. 54) 



Comparative studies of the aqueous HCl route (designated VPA), the 
isobutanol route (designated VPO) and the dihydrate route (designated VPD) are 
shown in Table 6 . The catalysts have very different surface areas but the overall 
activity is proportional to the surface area. This is a further clear example of the 
catalyst preparation method controlling the catalyst morphology and activity of the 
final catalysts. 
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Table 6. Comparison of the catalytic performance of final catalysts derived from 
VOHPO 4 .O. 5 H 2 O prepared via different routes. 



Catalyst 


5’bet/m^ 


g' 


n-butane“ 

conv./% 


Product selectivity/% 


Precursor 


Final catalyst 


MA 


CO 


CO2 


vpa'’ 


3 


4 


11 


51 


41 


7 




11 


14 


27 


52 


34 


14 


VPD'* 


32 


43 


62 


64 


21 


14 



Reaction conditons : 72 h activation, 385°C, 1.5% n-butane in air; GHSV = 1000 h * 

^ VPA = catalyst precursor prepared by reduction of V 2 O 5 with aqueous HCl 
VPO = catalyst precursor prepared by reduction of V 2 O 5 with isobutanol 
VPD = catalyst precursor prepared by refluxing VOPO 4 . 2 H 2 O with isobutanol. 

4.2.3 Impregnation / Adsorption Methods 

Impregnation and adsorption methods are commonly used to add catalyst 
components to pre-formed support materials. They are also more specially used to 
add promoters to catalysts prepared by other methods, since they represent the 
simplest procedure by which this can be achieved. For example, catalysts used for 
the hydrotreatment of hydrocarbons for the removal of S, N and O containing 
molecules are typically sulfided molybdenum or tungstate catalysts supported on 
y-alumina and promoted by cobalt or nickel. The catalysts are prepared by 
impregnation [54]. The processes involved in these impregnation methods are 
complex, and in general, there are two methods of impregnation/adsorption, (a) 
incipient wetness and (b) controlled adsorption from solution. 

The incipient wetness involves a pore filling technique and is suitable for low 
loadings of additives. In addition, it is a very facile method and requires very little 
time; however, it can be difficult to control and can give non-uniform deposition 
of the impregnated material on the support. In particular, on drying, the material 
can migrate to the pore mouth and this accentuates the non-uniformity of the final 
product. Notwithstanding this severe disadvantage, the method is widely used. 

The method can briefly be described as follows : 

(i) determine the porosity of the support to the solvent (typically water) so 
that the pores are just filled, i.e. the support appears to be just moistened 
by the solvent. 

(ii) prepare a solution of a suitable soluble salt in water (e.g. ammonium 
metatungstate) so that the concentration of the salt gives the desired loa- 
ding of the additive when the pores are totally filled. The salt is selected 
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so that it can be thermally decomposed in the calcination step to give an 
oxide. 

(iii) the prepared solution is contacted with the support so that the pores are 
totally filled. Care should be taken at this stage since the adsorption 
process can be highly exothermic. 

(iv) dry the material (120 °C, 16 h). 

(v) calcine the material (550 °C, 16 h). In this step, the salt decomposes to 
form an oxide. 

Uniform filling of the pores can be achieved using the incipient wetness 
technique, using concentrated solutions at pH values that minimise adsorption. 
The pH is adjusted to take account of the isoelectric point of the support (Table 4). 
To overcome the problem of aggregation during the drying step and non- 
uniformity of the adsorption using the incipient wetness technique, greater 
quantities of liquid can be used and, in the extreme, this involves the use of a large 
excess of dilute solution, which has been used by Wang and Hall [55] to prepare 
monolayer molybdenum/alumina catalysts. 

Controlled adsorption from solution uses highly diluted solutions of the 
additive and the pH is adjusted to control the rate of adsorption. The method has 
been optimised for M 0 O 3 /Y-AI 2 O 3 and WO 3 /Y-AI 2 O 3 catalysts [54]. The pH is used 
to control two factors, (a) the surface charge of the support (Table 4) and (b) the 
size of oxyanions of molybdenum and tungsten. An example of the control of 
surface charge affecting adsorption is shown in Figure 8 for the adsorption of 
cobalt and tungsten species onto Y-AI 2 O 3 . The isoelectric point of alumina is ca. 
pH 8-9 and the lack of adsorption of cobalt at pH < 6 is due to the inability of the 
positively charged cobalt cations to adsorb in the positively charged alumina 
surfaces. Additionally, at pH > 8 , cobalt precipitates from the solution as 
hydroxides or basic carbonates. Hence, for alumina, there is a very narrow pH 
window which can be used for the controlled adsorption of positively charged 
cations [56,57]. The reverse situation is observed for the tungsten, and also 
molybdenum, species due to the negative charge of the tungstate and polytungstate 
anions which are readily adsorbed onto the positively charged alumina surface 
below pH = 8 . 

The solution chemistry of the oxyanion of tungsten and molybdenum is 
complex. For tungsten, a variety of species containing one, six and twelve 
tungsten atoms can be present in aqueous solution which, at present, can be 
controlled to some extent by the selection of the solution pH [54]. 



pH ~6 



pH~4 



12 wo; 



2WA.(onr 



w,.o. 



minutes . 

days 



weeks 



w,o 



41 



10 - 
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Hence, for freshly prepared solutions at pH > 6, the relatively small 
anion will be dominant and, for solutions at pH < 6, much larger anions will be 
present. Maitra et al. [54] demonstrated that this can affect the uniformity of 
coverage of tungsten (Figure 9) and that uniform coverage of tungsten species can 
be achieved using dilute solutions at pH 9.5, since the pH minimises both the rate 
of adsorption and the size of the anion. 

4.2.4 Fused Catalysts 

The manufacture of catalysts by the fusion of oxides is not commonly used [44]. 
In this process, oxides are mixed together and heated above their melting points in 
a high temperature arc-furnace. The technique can give very uniform materials as 
long as phase separation does not occur during the melting or the subsequent 
cooling. The product from the fusion method has negligible surface area, but can 
be used to provide a mixed oxide that, on reduction, leads to the formation of a 
higher area supported metal catalyst. The most important catalyst made by this 
method is the promoted iron ammonia synthesis catalyst precursor [44]. Magnetite 
(Fe 304 ) is heated in an arc-furnace at 1600°C, together with promoters calcium, 
potassium and alumina. The product is very strong and does not require further 
fabrication, as is the case with all the methods previously cited. 




Fig. 9. Tungsten content as a function of fractional radius following impregnation of 1.6 
mm diameter pellets for 0.7 h under various conditions: • pH = 9.5, 8000 ppm W; • pH = 
5.7, 5000 ppm W; • pH = 3.0, 8000 ppm W (reproduced from ref 54). 
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5 Metal Catalyst Preparation 

Metal catalysts form the basis of a wide range of important industrial processes for 
the oxidation, hydrogenation and transformation of hydrocarbons. As with oxide 
catalysts, metal catalysts can be prepared by a range of methods and the key 
features of these will be described in this section. 



5.1 Reduction of Oxides 

This is a very commonly used procedure, i.e. first form an air stable oxide 
precursor and prepare the final active catalyst through in situ reduction in the 
reactor [ 44 ]. For example, the Cu0/Zn0/y-Al203 precursor prepared from co- 
precipitation is reduced to produce highly dispersed copper metal particles 
supported on Zn0/y-Al203 which is used as a methanol synthesis catalyst. In 
addition, the Fe304 precursor prepared from fusion is reduced to produce a high 
area iron catalyst for the synthesis of ammonia. In the reduction process, it is 
essential that the concentration of water vapour, formed by the reduction of the 
oxide by hydrogen, is minimised. This is because metal particles sinter at elevated 
temperature and this process is accelerated by the presence of water vapour. In 
addition, the reduction process is highly exothermic and, consequently, the 
reduction must be carried out very slowly to avoid excessive heating of the 
reduced catalysts, since this will also lead to sintering. For these reasons, dilute H2 
in an inert carrier (typically N2) is used and the catalyst reduction of a commercial 
catalyst charge can take several days [ 44 ]. 



5.2 Unsupported Metal Catalysts 

For most catalytic processes, it is essential that the surface area of the metal 
catalyst particles is as high as practically possible. This can only usually be 
achieved by placing the metal particles onto a refracting support, or a support that 
plays an additional role in the process, e.g. adsorption of reactive species (e.g. the 
interface between Au particles and the supporting oxide is considered to be the 
active site for CO oxidation at ambient temperature [ 41 , 42 ]). Some metal catalysts 
are, however, used in unsupported forms. For example, the promoted iron 
ammonia synthesis catalyst prepared by the reduction of the fused magnetite 
precursor is an example of an unsupported metal catalyst. 

One of the most widely used unsupported metal catalysts is the precious metal 
gauze catalyst. This is used in applications where very high gas velocities are 
required to achieve the desired selectivity. For example, platinum rhodium alloy 
metal gauzes are used for the oxidation of ammonia to nitric oxide for the 
synthesis of nitric acid and nitrates, and silver metal gauzes are used for the 
oxidation of methanol to formaldehyde. Such gauze catalysts are woven from fine 
wires and several layers of these gauzes are used in the commercial plant. 
However, for both these applications, supported metal catalysts can also be used. 
A central feature of platinum rhodium alloy gauze catalysts is the restructuring 
that occurs during the initial reaction period on exposure to ammonia/oxygen 
mixtures [ 58 ]. The restructuring gives rise to a much higher surface area and the 
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catalyst activity increases, in this sense the unreacted metal gauze catalyst is a low 
temperature precursor to the active metal catalyst surface. 

Raney metal catalysts which are used extensively for low temperature 
hydrogenation reactions, can be regarded as unsupported metal catalysts but, in 
this case, the high metal surface area (typically 100 m^ g is probably stabilised 
by traces of residual alumina which may act as a support. Raney metal catalysts 
(Ni, Ca, Co) are prepared as metal-aluminium alloys using conventional 
techniques. The aluminium is removed by digestion with aqueous sodium 
hydroxide to leave a porous metal catalyst, together with some alumina formed by 
oxidation of the aluminium. 

A further example of an unsupported metal catalyst are CuNi alloys, useful for 
hydrogenation reactions. These can be prepared by reduction of a mixed oxide 
formed by co-precipitation from a solution of the mixed nitrates. This is shown 
schematically below. 

Cu(N 03) (aq) C03^ CuNi(0H),C03 suspend in oil 

Ni(N03)3(aq) ^ basic carbonate ^ 

precipitate H2 

180-190 r 



CuNi alloy 340 °C Cu-i-Ni (not detected 280 °C Cu-i-Ni 240 °C 

active catalyst by XRD) H2/oil H2/oil 

inactive for hydrogenation 

In this preparation, the CU2O is reduced initially and then the Cu that is formed 
catalyses the reduction of the NiO. The final stage of the preparation involves a 
high temperature annealing stage that is essential for the formation of an alloy. 
Supported alloy catalysts of this type can be prepared if alumina is co-precipitated 
initially. 



[Cu20.NiO] 
solid solution 
unstable 

T 

Cu+NiO 



5.3 Supported Metal Catalysts 

Although many supported metal catalysts are prepared by reduction of oxide 
precursors, some, notably precursor metal catalysts, are prepared by impregnation 
of a support with a solution of a metal salt, dried and then heat treated to thermally 
decompose the metal salt. For example, chloroplatinic acid is thermally unstable 
and decomposes to Pt at elevated temperatures. The factors controlling dispersion 
and coverage for the impregnation method have been covered in an earlier section 
(see Section 3.1) [28,29]. 
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6 Acid-base catalysts 

Acid-base catalysts constitute one of the major family of industrial catalysts. In a 
recent review paper Tanabe and Holderich [59] gave a list of the acid-base 
catalysts that are frequently used industrially. From a general survey of the patent 
literature, they found over 127 industrial processes that use solid acid or base 
catalysts, (81 % use solid acids, 11 % use solid acid-base and 8 % use solid bases). 
Within these solid catalysts, 41 % are zeolites, 31 % oxides and complex oxides, 
1 1 % phosphates, 9 % ion exchange resins , 4 % clays and 4 % other materials. 



6.1 Acid Catalysts 

As indicated above, they constitute the largest part of the acid-base catalyst 
family. They include phosphoric acid supported on silica, resins such as Nafion® 
or Amberlyst®, silica-alumina, sulfated oxides (particularly sulfated zirconia), 
aluminium phosphates, molecular sieves (in particular zeolites such as faujasite- 
type (Y or X) as component of FCC catalyst, ZSM-5 (MFI), mordenite (MOR), 
beta (BEA)) pillared clays, chlorinated alumina, heteropolyoxometallates and their 
alkaline salts, in particular of Keggin structure, as bulk catalysts or supported. The 
methods of preparation of these materials can be different as we have described 
earlier in Sections 2.1 and 2.2 of this Chapter, including classical precipitation or 
co-precipitation at a given pH as for oxides, or mixed oxides, in which case the 
sol-gel technique can also be used depending on the properties required. For 
zeolites and, in a more general terms for molecular sieves, hydrothermal treatment 
is used when necessary. For sulfated zirconia special care of the choice of the 
precursor and of the sulfating agent is necessary. It is known that best catalysts are 
obtained when starting from zirconium hydroxyl [60] rather than from the 
calcined zirconia itself. The sulfating agent could be ammonium sulfate, easily 
handled at industrial scale although sulfuric acid is preferable and a monolayer 
coverage corresponds to the optimum loading of the zirconia. 

6.1.1 Heteropolyoxometallates: 

These compounds [61,62] have been known since Berzelius in 1826 but appear in 
Catalysis in the 1970s in partial oxidation and acid-type reactions (see Table 7) 
because of their redox and acid properties. They are molecular moieties of general 
formula; X^M^O/, where X is an heteroatom such as P or Si and M a transition 
metal such as W. Mo, V.... The Keggin anion such as is the most 

common heteropolyanion with a central tetrahedral moiety (XO 4 )" surrounded by 
12 octahedra MO^ distributed in four groups of trimers M 30 , 3 . The typical method 
for the preparation of heteropolyacids is the acidification of aqueous solutions of 
oxoanions of addenda atoms and heteroatoms, according to the reaction: 

12 wo/ + HPO/ + 23 [PW„0J' + 12 H,0 
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Table 7. Some heterogeneous acid and selective oxidation catalysed reactions of HPAs 
[taken from ref. 1] 



Catalyst 


Reaction 


Specific features 


H3 PW„o« 


CH3COOH+C2H5OH — 
CH3C(X)C2H5 + H20 


T = 150 °C, selectivity 91% at 
90% conversion 


H3PW„0« 


alkylation of aromatics 


T = 30- 100°C 


^^Z-sHosP^l 2^40 


alkylation of isobutane by butene 


T = 20-40 °C 


Pd, 3 PW, 30 « 


isomerisation of alkanes 


T = 210 °C 


H3PW„0« 


CH30H(CH30CH3) -Ci-C^ 
hydrocarbons 


T = 300 °C 


^^2.5Ho.5l^^l2^40 


isobutene+ methanol • methyl 
isobutyl ether 


T = 290 °C, selectivity (C2-C4 
alkenes) 74% 




benzene + HNO3 • nitrobenzene 


T = 50 °C 


CsH 3 PMo„V, 0* 


methacrolein to methacrylic acid 


— 


HjPMo.jO^o 


isobutane to methacrylic acid 


T = 280 °C, 80-85% 


H^PMo^oVp* 


isobutyric acid to methacrylic acid 


selectivity 


HjPMOioVp* 


pentane to phthalic + maleic 
anhydrides 


T = 350 °C, 45% selectivity 
T = 300 °C, 72% select., 52% 
conv. 

T = 310 °C, 55% selectivity in 
MA 



Acidification is generally achieved by addition of a mineral acid. The formation 
rate is usually high and crystallisation can be performed at room temperature. The 
hydrolysis and condensation are also fast and depend on the pH and on the 
solvent. For instance, the PW,204o^ anion decomposes above pH 2 and coexists 
with lacunary anions PW,,03/ and PW9O3/. In this respect, pure H3PW,204 q acid 
is usually extracted by ether from an acid solution, the so-called etherate method. 
The bottom layer is the heteropoly-etherate which is drawn-off and then 
decomposed by addition of water and the ether is removed. The remaining 
aqueous solution is allowed to evaporate until crystallisation occurs. 

Acid alkaline salts of the heteropolyacids (HPAs) such as H3PW,204 q are 
prepared from the aqueous solution of the acid and adding dropwise an aqueous 
solution of the alkaline salt which could be acetate, carbonate, chloride, oxalate, or 
other anion, at room temperature and at a given controlled rate (e.g. 1 cm^ min ‘). 
The white colloidal solution can either be evaporated to give a solid at 50 °C or 
filtered, washed and then dried. The alkaline composition and nature and catalytic 
properties of the material will obviously depend on the method chosen. In most of 
the cases one considers that the alkaline salts, which have high surface area with 
respect to the starting acid, are in fact composed of the totally exchanged and non 
acidic salts such as A3PW,204 q with the heteropolyacid deposited on it. This 
explains why such catalysts are so active. 

The acid forms and their salts with cations of small size, e.g. LT, Na"^, Cu^^, Ni^^ 
(group A salts) are soluble in both water and polar solvents and can exhibit 
“pseudo-liquid behaviour”, while their salts with cations of larger diameter are 
insoluble such as for K^, Rb"^, Cs\ NH/, TT (group B salts). The group B salts are 
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usually porous and develop surface areas up to 200 g ‘ compared with a few 
g ' for group A salts, and are much more thermally stable. For instance the K and 
Cs salts of H 3 PMOj 2 O 40 have been reported to be stable up to 640 and 690 °C, 
respectively. The intergranular porosity can vary from ultramicropores (0 < 0.6 
nm) to mesopores (0 > 1.8 nm) depending on the synthesis parameters. The acidity 
has been shown to be essentially of Br 0 nsted-type with high acid strength [63]. 
This arises from the delocalisation of the negative charge on the large Keggin 
anions, resulting in a weak lattice oxygen anion - proton interaction. 

Mixed-coordinated heteropoly compounds such as H 3 ^^PMOj 2 _^V^ 04 o (x = 1-3) 
can also be prepared. One can acidify an aqueous solution of sodium phosphate 
and sodium metavanadate with concentrated sulfuric acid and add to it an aqueous 
solution of Na 2 Mo 04 - 2 H 2 O. Mixed Mo and W heteropolyacids can be prepared 
from Na 2 HP 04 . 12 H 20 , Na 2 W 04 and Na 2 Mo 04 - 2 H 2 O mixed solutions. After one 
hour mixing at 80 °C, hydrochloric acid is added at room temperature and the 
heteropolyacid extracted with diethyl ether (vide supra), and crystallised at room 
temperature. The acids can also be used as starting compounds and held in the 
mixture for 6 h at 80 °C. The mixed compound is then extracted with ether and 
recrystallised. Reproducible syntheses necessitate a strict and accurate control of 
the pH. 

Heteropoly compounds can be used either as bulk catalysts or deposited on 
inorganic or polymeric supports, usually using either the incipient wetness 
impregnation method or intercalation between clay layers, such as layered silicates 
(e.g. smectite) or layered double hydroxides (e.g. [Zn 2 Al( 0 H) 6 ]N 03 - 2 H 2 O) to 
create new class of microporous catalysts. Supports such as porous silicas 
(including MCM-41[64] or HMS [65]), alumina, titania, zirconia [66], active 
carbons [67], ions exchange resins and high surface area HP As salts [68] have 
been used. Note that basic supports such as MgO and AI 2 O 3 cannot be used since 
they may decompose the HPAs. 

Heteropolyacids have been proposed as catalysts for many acid-type reactions 
such as alcohol dehydration, esterification, alkylation (isobutane by butenes, in 
particular) or alkane isomerisation [ 69-71] as presented in table 7. 

6.1.2 Clays 

Clays are quite versatile materials [72,73] used by man since primitive times. One 
distinguishes two groups. The cationic clays are commonly encountered as natural 
materials and the anionic clays which are more scarce. Cationic clays are usually 
prepared starting from natural minerals, whereas the anionic clays that are used 
industrially are synthetic. The cationic clays have negatively charged layers such 
as for silico-aluminate and cations provide the compensating charges in the 
interlayer space, these can be protons which consequently induce acidic 
properties. The anionic clays have positively charged metal hydroxide layers with 
charge balancing anions and consequently exhibit basic character, in addition, 
water molecules are located interstitially. 

The majority of clay minerals are composed of hydrous layered silicates, in 
which the basic building blocks are Si(0,OH) tetrahedra and M(0,OH)^ octahedra 
with M = A\^\ Mg^^, Fe^^ or Fe^^. Combination of a layer of tetrahedra and a layer 
of octahedra gives rise to the layer ca. 0.7 nm thick in a 1:1 mineral such as 
kaolinite or serpentine for M = Af^ or Mg^"^, respectively, while combination of 
one sheet of octahedra sandwiched between two sheets of tetrahedra gives the 2:1 
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mineral, ca. 1 nm thick. Depending on the cation or Mg^^, one may have 
dioctahedral or trioctahedral minerals, based on the number of octahedral sites 
occupied per unit cell. 

Acid treatment of the clay, in particular montmorillonite, is performed either by 
simple washing with a mineral acid solution, which results in an exchange of the 
cations by protons or by heating the clay suspended in a mineral acid solution at 
refluxing temperature (e.g. 95 °C). For instance, the commercial modified 
montmorillonite designated KIO from Slid Chemie or Fluka is used industrially 
for hydrocarbon cracking. Clays or acid treated clays can also be used as supports 
for many inorganic salts catalysts, including Lewis acids as ZnCl 2 and ferric or 
copper nitrates. 

Anionic clays are natural or synthetic lamellar hydroxides of a structure similar 
to that of brucite Mg(OH) 2 , designated as hydrotalcite-type (HT) or layered 
double hydroxide (LDH). the former name derives from the extensive studies of 
hydrotalcite, a Mg/Al hydroxy carbonate. The general formula is: 

(OH) 2 ]" [AJ ],mH20 

where M is a metal, A the interlayer anion, and b = x or 2x-l for z = 2 or 1, 
respectively. 

6.1.3 Pillared Clays 

The main objective of introducing pillars between the sheets of a clay is to prepare 
porous materials in which the interlayer space can be both controlled and larger 
than 0.7 nm in size. Many different pillaring species have been described in the 
literature: organic compounds (alkyl ammonium and bicyclic cations), metal tris 
chelates, organo metallic complexes, metal oxide sols and polyoxocations. Usually 
it is performed using a clay with a relative low negative charge density (to avoid 
too large stuffing which may result in loss of interlayer space access). Many 
polyoxocations, such as those based oxy-hydoxycations of Zr, Ni, Fe, Cr, Mg, Si, 
Bi, Be, Nb, Ta, Mo, Ti, Ga, Cu, have been reported. The better defined pillars are 
[A1 j304(0H)24(H20) j 2 ]^^ of Keggin structure which is most commonly used and, to 
a lesser extent, the tetramer [{Zr(OH) 2 . 4H20)4]^^ or the octamer [(TiO)g(OH) 

The preparation of cationic pillared clays consists of a controlled hydrolysis 
carried out in the solution or in the interlayer space. If C represents the clay, A^ the 
exchangeable cation and the cationic polymer, the following exchange occurs 
in the gallery: 

CA +P;^ -4CP +xA" 

The cationic polymer is formed by condensation according to the reaction: 
nP^" p;" + (nZ - x)H" + yH20 

For the A1^3 oxomacrocation, the hydrolysis is achieved in solution by the 
addition of carbonates (e.g. Na, Mg, Zn) to a solution of AICI3 or by the addition 
of alkali hydroxides (this is widely used) or by dissolving metallic aluminium in 
HCl or AICI3. The ageing of the polymer solution obviously plays an important, 
but not easily reproducible, role. 

Pillared clays have an interesting architecture since the interlayer distance can 
be tuned from 0.6 to 1.2 nm and their chemical functions such as Brpnsted or 
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Lewis acidity, can be varied upon preparation and activation. They are poorly 
crystalline and their stability is limited, particularly above 600 °C. Some 
applications have been described in separation technology and fine chemical 
catalysis, such as the synthesis of chiral sulfoxides on Ti-pillared montmorillonite, 
or the transformation of syngas to light alkenes on mixed Fe-Al-pillared 
montmorillonite and many others [72]. An example of pillaring montmorillonite 
with Zr and A1 hydroxy macocations and of their acid and catalytic properties for 
isobutane alkylation with butene described by Marme et al. [74]. 

Anionic clays can also be pillared by highly charged anions since, as described 
above, they are natural or synthetic lamellar mixed hydroxides with interlayer 
spaces containing exchangeable anions. As shown in Table 8, one can distinguish 
the isopolyanions (or heteropolyoxometallates) and the heteropolyanions (or 
isopoly oxometallates) with a Keggin structure and the ferro- or ferricyanides. 

Pillared anionic clays (PILACs) materials may be prepared by different 
methods: 

• Exchange of inorganic anions 

• Exchange of organic anions 

• Structure reconstruction in presence of a swelling agent (e.g. meixnerite, a 
Al/Mg clay, + glycerol + long chain organic compounds such as adipate or 
toluene sulfonate) 

• Direct coprecipitation 

The PILACs materials are not easy to prepare for the following reasons: 

1. Exchange is more difficult than in cationic clays because of the high charge 
density (higher or equal to 4 e nm ^ rather than 1 e nm^), which creates strong 
electrostatic forces between the brucite sheets and the anions, with subsequent 
blocking of the interlayer space by the anions themselves. 

2. Hydrolysis of the pillaring anions can be caused by the anionic clays, 
depending on the nature of the cations. 

3. Anionic clays may decompose in the synthesis conditions, chosen on the basis 
of the stability of the pillaring agent. 

4. Carbonates compete with the pillaring anions, readily giving rise to mixed 
phases, due to their high affinity with the positively charged sheets. 

5. The anionic clay structure is only stable at relatively low temperatures. 
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Table 8. Values of spacing and surface area for some pillared anionic clays [73] 



Anionic clay 


Pillaring agent 


dooi spacing / nm 


surface area / ni 


Zn/Al 


V o ^ 

^ lo'^28 


1.19-1.23 


169 


Li/AlMg/Al 




0.95 


- 


Zn/Al 


Mo,0/ 


1.22 


71 


Zn/Al 




1.46 


63 


Mg/Al 


a - SiV.WfiJ- 


1.46 


155 


Mg/Al 


PVsWp/ 


1.20 


136 


Mg/Al 


Fe(CN),^ 


1.10 


246 




Fe(CN),^ 


1.10 


235 



The PILACs materials are prepared with the objective to create new useful 
porous networks for shape selective adsorption or for heterogeneous or photo 
catalysts. In catalysis, one of the objectives was the immobilisation of homo- 
geneous or biomimetic catalysts in order to increase their service time and 
facilitate their recovery and recycling. An interesting application is waste water 
purification treatment at room temperature using phthalocyanins intercalated in 
anionic clays [75,76]. The catalyst can be recovered by filtration. The PILACs are 
also quite interesting in the sense that they can entrap more active phase than more 
conventional supports. Note that up to now they are mainly used at low reaction 
temperatures in catalytic processes. 

6.1.4 Other Types of Acid Catalysts 

Acid-type reaction such as alkane isomerisation can also be catalysed by 
oxycarbides. Carbides such as molybdenum or tungsten carbides are known to 
exhibit pseudo-metallic features since the pioneering work of Gault [77] and 
Boudart and co-workers in the early 1970s [78-80]. It was thought that they could 
replace expensive noble metals. More recently it was observed that slight 
oxidation of some carbides give oxycarbides (e.g. Mo 02 42 Co 23 Ho 7 g) with quite 
interesting isomerisation properties [80,81], in particular for long chain linear 
alkanes to form branched isomers [81]. This proceeds with formation of a 
metallocyclobutane intermediate rather than via the usual carbocation 
intermediate. A low cracking reaction rate was observed that was at variance with 
classical acid-type catalysts. The preparation method of the sample was 
particularly crucial to get the required oxycarbide structure [81]. 



6.2 Basic Catalysts 

As mentioned above only a few industrial processes use heterogeneous basic 
catalysts, although important reactions such as isomerisations, additions, 
alkylations and cyclisations are carried out industrially using liquid bases. Some 
reviews papers have dealt with this field [82-85]. There are some advantages and 
disadvantages. As advantages one has high activity and selectivity, novel 
transformations and no corrosion or effluent issues. As disadvantages one has 
high activation temperature (in excess of 400 °C due often to decomposition of 
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carbonates formed by CO2 from ambient air during catalyst storage), deactivation 
by water and acids, rapid coke formation. The main catalytic systems are: 

• Alkali ion exchanged zeolites, 

• Modified alkali ion exchange zeolites (modification by metallic alkali such as 
Na formed by decomposing sodium azide or by depositing an alkali ion oxide 
such as Cs oxide), 

• alkaline earth oxides such as CaO, BaO and MgO and mixed metal oxides such 
as Al203-Mg0, 

• Alkali metals such as Cs, K, Na deposited on a range of supports such as 
carbon, AI2O3, Si02, Zr02 or Ti02, 

• Alkali metal amide on alumina such as (M)NH3 / AI2O3 with M = Na, K, Eu, 
Yb,...or KNH2/AI2O3, 

• Supported alkali metal - metal oxide such as Na-Na20/ AI2O3, 

• KF / AI2O3 [84,88] 

• K^FeO^/ AI2O3, pyridinium chlorochromate/ AI2O3 [86,87] 

• Clays such as hydrotalcites, 

• Oxynitrides such as silicon oxynitride, aluminophosphate alumino oxynitrides 
(ALPONs) [89,90] 

A super base is defined by its Hammett’s parameter H > 30 such as for Na - 
Na0H/Al203, a strong base by H > 20 such as for KOH/AI2O3, a medium base 
by H > 10 such as NaOH or hydrotalcites and a weak base by H < 10 such as for 
R-NH2 or alkali exchanged zeolites. 

The main reactions catalysed by solid bases are hydrogenations, aldol 
condensations, isomerisations, alkylations, partial oxidations, epoxidations, and 
others. The activation of the reagents usually proceeds by proton abstraction 
resulting in the formation of a carbanion. In oxidation reactions it could also be 
proton abstraction from the oxidant, which then becomes nucleophilic and its 
reactivity changes. 

In partial oxidation reactions, for instance using pyridinium chlorochromate on 
basic alumina, the substrate is activated by the base and one has oxidation of 
secondary alcohols to ketones and of primary ally lie alcohols to a,(3-unsaturated 
aldehydes resulting in yields higher than 95%. At variance, for K2pe04 on basic 
alumina, primary aliphatic alcohols are oxidised with very low yields while 
secondary are oxidised with high yields. This permits preferential oxidation of a 
secondary alcohol group for molecules containing several alcohol groups, such as 
for 1,3-butanediol oxidised to 4-hydroxy-2-butanone on K2Fe0yAl203, as shown 
below: 



CH3-CH(0H)-CH2-CH2(0H) ^ CH3-C(0)-CH2-CH2-0H 

The oxidant can also be activated by the base and becomes nucleophilic. For 
instance a substrate with two electron-withdrawing groups Z^-CH2-Z2 can be 
oxidised on KF/AI2O3 with S-methyl methane sulfothioate (CH3SSO2CH3) as 
oxidant to thioketals {Zj(Z2)C(SCH3)2} with Zj = -COOEt and Z2 = -COOEt, - 
COCH3, -Ph [86]. KF/AI2O3 catalyst can also be used in presence of iodine for the 
oxidative coupling of the same type of substrate, Z^-CH^-Z^, leading to the 
corresponding alkanes or alkenes with Z, = -COOEt, -CN and Z2 = -COOEt, -CN, 
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-Ph, -SPh. It was proposed [87] that the carbanion gives one electron to the iodine, 
leading to a free radical and an iodide ion. The coupling between the free radicals 
gives the alkane or alkene in absence or presence of another iodine molecule, 
respectively. KF/AI2O3 gives rise to oxidation of weakly acidic compounds to 
ketones with molecular oxygen [88]. The yield strongly depends on the pKa 
values. For instance, if the reaction is performed at room temperature in 
acetonitrile, for fluorene (pK^ = 23) the yield is 92% against 15% for 
diphenylmethane a less acidic substrate (pK^ = 34). The reaction can also be 
performed without solvent but the pKa value dictates the reaction temperature. For 
instance, a temperature of 150 °C is required for fluorene (pK^ = 23, 100% yield), 
200 °C for xanthene (pK^ = 30, 95% yield) and 200 °C for diphenylmethane (pK^ 
= 34, 92% yield). The mechanism proposed assumes that the carbanion attacks 
molecular oxygen to give an alkylperoxide anion, which subsequently loses a 
hydroxide anion to give the corresponding ketone. 

The most important oxidation reaction with nucleophilic oxidants is the 
epoxidation of electron-deficient alkenes, via conjugate addition of the oxidant 
and subsequent intramolecular substitution. For instance KF/Alfi^ as a base and 
ter-butyl hydroperoxide as oxidant is able to epoxidise a,p-unsaturated ketones, 
acyclic ketones containing aromatic substituents such as chalcone, cyclic ketones, 
etc. KF/Aip^ represents a particular case of basic catalyst since it has been 
developed by organic chemists and it is at present a commercially available 
common reagent [84] and it is frequently used for fine chemical syntheses. There 
are some more examples to be considered. KF/AI2O3 is a catalyst used for 
demethylation of p-methoxyacetophenone to p-hydroxyacetophenone by reflux in 
ethylene glycol (selectivity of 30% for 96% conversion, dioxalane is also formed 
as a by-product). It is shown that the basicity of KF is increased by alumina which 
increases demethylation (OH and AIO2 species). Side chain monoalkylation of 
para-xylene by butadiene is realised on a Na/K2C03 catalyst (Amoco process), 
cyclisation of (CH3)2C=N-CH3 with SO2 occurs at 427 °C to give the 4- 
methylthiazole (C3H2SN-CH3), which is a systematic fungicide, is performed on 
Cs/ZSM-5 (Merck process), dehydration of ethanocyclohexane to ethylene 
cyclohexane is carried out on NaOH/Zr02 (Sumitomo Chemical process), alkyne 
to alkadiene isomerisation on KNH2/AI2O3. To prepare these supported catalysts, 
an aqueous solution of either hydroxide, carbonate, nitrate or aceetate is 
impregnated onto the desired support, the material is calcined to decompose the 
salt, e.g. at 400 ‘'C. Supporting alkali metals are usually prepared by deposition of 
the metal vapour, resulting in strongly basic catalysts. These materials have been 
reported to be quite interesting for a large variety of isomerisation reactions. 

Potassium amide KNH/Alfi^ is a further interesting example. It is prepared as 
follows [84]: alumina and a small amount of Fe203 (catalyst for converting K 
metal to its amide in liquid ammonia) are heated in a reactor under vacuum at 500 
“C for 3h. A piece of K metal is added to the reactor under nitrogen. After the 
reactor is set under vacuum, liquid ammonia is introduced. The blue colour due to 
solvated electrons disappears after 10 min. indicating that KNH2 is formed. After 
Ih, the reactor is warmed up to room temperature for removing the remaining 
ammonia and then heated up to 300 °C. Such catalyst is quite active for a variety 
of reactions such as isomerisation, dimerisation,... Some catalytic data are given in 
Tables 9 and 10 for dimethyl but-l-ene isomerisation (Table 9) and 
phenylacetylene dimerisation into two enantiomers Z (cis) and E (trans) 1,4- 
diphenylbut-l-ene-3-yne (Table 10). 
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Table 9. Influence of the support on the catalytic activity of KNH/support at - 62 °C for 
the isomerisation of 2,3-dimethyl but-l-ene [84] with 63g catalyst and 24 mmol reagent in 
a batch reactor 



Support 


Reaction time / min 


Conversion / % 


AlA 


10 


70 


AlA-MgO(Mg/Al = 2) 


30 


19 


CaO 


30 


19 


SA 


30 


0 


TA 


30 


0 


CaO^ 


10 


63 



Without KNH 2 



Table 10. Catalytic activities of various solid bases for the dimerisation of phenylacetylene 
at 90 °C after 5h with 27 mmol reagent and 0.5g [84] 



Catalysts 


yield / % 


Z:E‘ 


KNH 2 /AIA 


53 


96: 4 


CaO 


21 


57:43 


Eu(NH3)/A1A 


16 


70:30 


Yb(NH3)/AlA 


7 


62:38 


MgO 


4 


62:38 


aia 


2 


55:45 



“ Z and E represent the two enantiomers of the dimers 1,4 diphenyl but-l-ene-3-yne 

cis and trans, respectively. 

Hydrotalcites (HT) and hydrotalcite-like materials (HTlc), i.e. layered double- 
metal hydroxides (LDH) are active, when heated at about 400 °C to obtain the 
dehydrated, non carbonated and dehydroxylated mixed oxides, especially the Mg- 
A1 combinations. They are used as catalysts for many reactions such as 
polymerisation of (3-propiolactone and propylene oxide, aldol condensation of 
acetone and formaldehyde to methyl vinyl ketone, Knoevenagel condensation of 
benzaldehyde with activated methylenic compounds, Claisen-Schmit 
condensation, isomerisation of olefines, etc.. Magnesium and aluminium ions are 
often partly replaced by transition metals able to catalyse patial oxidation 
reactions. For instance Kaneda et al [91] used, for the Baeyer-Villiger oxidation of 
cyclopentanone, a combination of molecular oxygen and benzaldehyde on HT 
with different Mg/Al ratios (from 1 to 6) and different anions (C 03 ^ , Cl and p- 
toluene sulfonate). They postulated that the reaction proceeds in two steps. Firstly, 
the benzaldehyde is auto-oxidised by oxygen to perbenzoic acid, which sub- 
sequently transfers an oxygen atom to the ketone. If transition metals are 
introduced in the HT structure (e.g., Mg 3 AlMo 3 C 03 with M = Cu or Fe) the 
catalysts are even better for the Baeyer-Villiger oxidation of ketones [92]. 

The strategy to immobilise an active metal complex, in particular Ru, in the HT 
or HTlc structures and to introduce in addition transition metals, such as Co, Mn, 
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Fe or Zn, has also been studied by Kaneda et al. [93,94] to promote the oxidation 
of allylic and benzylic alcohols as well as aromatic compounds with benzylic 
positions with molecular oxygen. Layered double hydroxides, including HTs and 
HTlcs, have also been intercalated [84] with oxometallates, in particular vana- 
dates, molybdates, sulfates,... and polyoxometallates, in particular of Keggin 
structure with Si and P as central atom and transition metals such as Mn^^, Fe^^, 
Co^^ and Cu^^ in the structure, and anionic complexes, such as tetracationic and 
tetraionic Mn-porphyrins, Zn-phthalocyanine, Co(II)-tetrasulfophthalocyanines, 
Co(II)-phthalocyanine tetracarboxylic and tetrasulfonic acids, etc. Catalytic pro- 
perties are usually not as good as in the liquid homogeneous phase but the stereo 
selectivities were different but they represent interesting new effort for replacing 
homogeneous catalysts by more friendly heterogeneous systems. 



7. General Conclusions 

In this chapter we have shown how the preparation of heterogeneous solid 
catalysts necessitates extensive care in the experimental conditions: pH, 
temperature, concentration, ageing, ripening, forming, etc and how it could be the 
determining factor for catalytic properties. It is, most the time, a confidential, 
jealously guarded, know-how of industry, since in many cases some specific 
preparation details are crucial for catalytic properties. A typical example can be 
found for VPO catalysts which, for the same compound (vanadyl pyrophosphate), 
preparation and reactor modifications in the last 20 years have allowed the yield in 
maleic anhydride from butane oxidation to be improved from 30 to more than 
60%. An important aspect is to understand the exact reasons of such 
improvements, in particular the role of all promoters/additives found in the patent 
literature. They certainly correspond to chemical modifications, crystallite growth 
changes (e.g. size, shape, defects, shear planes in the crystalline structure). By 
chance, basic research has been widely expanded in the last 20 years in both the 
industrial and academic communities and more knowledge has been gained on the 
subject. Nevertheless it remains a domain that is poorly understood and which 
appears to some researchers as not sufficiently intellectually rewarding; because of 
this, basic research in this area remains a major issue for the future. Any research 
which tackles the topic of catalyst preparation in a definitive manner will be able 
to make a major contribution to heterogeneous catalysis. 
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Abstract. High-throughput synthesis and testing of solid materials has recently gained 
special attention in heterogeneous catalysis. Various technical solutions have been 
developed for parallel catalyst preparation, catalyst testing and fast analysis of reaction 
products. Optimisation algorithms are applied for the effective search for the optimal 
catalyst in the multi-parameter space defined by varying catalyst compositions, preparation 
methods and reaction conditions. The present state of the high-throughput technologies is 
briefly reviewed and illustrated by various case studies. 



1. Introduction 

High-throughput synthesis and testing of solid materials has gained special 
attention in the search and optimisation of catalytic materials since about 1997. 
The basic concept for accelerating the development process comprises parallel 
synthesis, screening and testing of a large number of materials based on heuristic 
approaches, which, in turn, include fundamental and empirical knowledge on cata- 
lysis and appropriate optimisation procedures when progressing in the deve- 
lopment process. In high-throughput experimentation an extensive amount of data 
is being accumulated. For handling of these data and extraction of knowledge 
therefrom in the form of relationships between the chemical and physical 
properties of the materials and their catalytic performance suitable data storage 
and analysis capabilities are required. 

For industry, the driver behind this innovative technique is the expectation of 
shortening the development time in finding a suitable catalyst and hence, to reduce 
the time-to-market of a new catalyst or even a new catalytic process. Various 
estimates have been made by how much the development time can be decreased; 
reductions to 0.1 to 10 % of conventional times for catalyst search and opti- 
misation have been reported. The present authors tend to a more conservative 
estimate of 1 to 10 %. For science, high-throughput experimentation may become 
a means of accumulating large amounts of catalytic data within a short-time 
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period, which may then be analysed from a fundamental point of view for their 
generic understanding. 

The present state of the high-throughput technologies is briefly reviewed and 
illustrated by various case studies. Synthesis and testing of materials are key 
issues, which have many facets. The choice of elements or compounds exhibiting 
a potential catalytic property and being the basis for synthesizing a first library 
(generation) of materials needs empirical expertise as well as fundamental know- 
ledge. After testing the materials for their catalytic performance further opti- 
misation is necessary, which requires the use of a suitable algorithm to design, 
prepare and test subsequent generations of materials. Also fundamental insights 
may be derived from the various performances of different materials, which serves 
as feedback to the development process. Finally, after identifying an optimum 
material for maximum performance a scale-up to real size catalysts from catalyst 
preparations in the amount of a few mg to at least several 100 g is required. This 
demands comprehensive structural characterization of the solid material; this area 
is, however, not dealt with since similar tasks exist also in conventional catalyst 
development. 



2. Selection of Potential Catalytic Elements for Defining 
the Multi-Compositional Space 

Many parameters influence the catalytic activity, selectivity, and stability of 
inorganic heterogeneous catalysts. First, the chemical elements and their 
concentration are the prerequisite to generate a catalyst composition with the 
desired active sites for a given reaction network. Furthermore, the catalyst 
structure is mainly determined by the preparation method as well as the 
calcination and formation procedure. Last, but not least, also the reaction 
conditions (temperature, pressure, composition of the gas phase) influence the 
catalyst performance. This means that the real catalyst only exists when the 
catalytic reaction proceeds. 

Consequently, a high number of parameters have to be considered in defining 
the parameter space in which good catalysts are expected to exist. Recently, 
Senkan has discussed the number of possible catalyst compositions [1]. Based on 
50 chemical elements, which can be used to design a catalyst, 1225 binary, 19600 
ternary, and 230000 quaternary combinations are possible. Much higher numbers 
are, of course, obtained when allowing for different molar fractions of the 
components and taking into consideration the different modes and parameters of 
preparation. Due to this so-called combinatorial explosion it is not possible to 
prepare and test all possible catalysts even when applying highly sophisticated 
high-throughput set-ups. Therefore, introduction of previous knowledge to restrict 
the number of parameters is the key basis of an effective experimental design 
which may be supplemented in a way accounting for serendipity. 

For illustration, establishing a pool of elements in searching for new catalysts in 
the oxidative dehydrogenation of ethane to ethylene, the selection of materials was 
more recently shown by Grubert et al. [2, 3]. This is based on a similar procedure, 
which was put forward by Buyevskaya et al. [4] for the oxidative dehydrogenation 
of propane. Regarding the possible reaction mechanisms metal oxides with the 
required properties were chosen (Table 1). The oxides were then randomly com- 
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bined to mixed-metal oxide catalysts to generate a first generation, the catalytic 
results of which were then used for optimising the composition. This is outlined in 
section 4. 



Table 1. Selection of a pool of elements from fundamental knowledge for designing 
catalyst compositions for the oxidative dehydrogenation of ethane (after [2]) 



Assumed mechanism 


Required property 


Metal oxide 


Participation of removable 
lattice oxygen (Mars- van 
Krevelen mechanism) 


Redox properties: medium Me-O 
binding energy 


Cr203, CuO, Mn02, 

M0O3, WO3, Ga203, 

CoO, Sn02 


Activation by adsorbed 
oxygen 


Dissociative adsorption of oxygen 


CaO, 1^03 


Activation by lattice oxygen 


Non-removable lattice oxygen: high 
Me -0 binding energy 


Zr02 



3. Experimental Strategies for Designing and Testing 
Large Catalyst Libraries 



By applying a real combinatorial design of catalyst libraries (full grid search) the 
whole parameter space has to be screened defining individual steps for each 
parameter (e.g. concentration levels for the components). All catalysts from these 
libraries have to be tested for their catalytic performance, which than results in 
deriving a dependency of the catalytic results (activity, selectivity, stability) from 
each individual parameter. Unfortunately, this means that very high numbers of 
catalytic materials have to be prepared and tested which, of course, increases with 
the number of elements. To overcome this problem, the number of parameters can 
be restricted using the chemist’s intuition or the available knowledge. On the other 
hand, so-called stage-one experimental methods are applied, which allows 
preparing and testing thousands of samples in a short period of time. 

Stage-one screening has been used by SYMYX for CO oxidation [5] using Pt- 
Pd-Rh and Pd-Rh-Cu libraries and for oxidative dehydrogenation of ethane to 
ethylene [6-9]. The group of Senkan generated a library of ternary composed 
supported metal catalysts (Pt-Pd-In) for the dehydrogenation of cyclohexane to 
benzene [10] and searched for new catalysts for the selective reduction of NO by 
propene applying a combinatorial variation of compositions for quaternary com- 
posed Pt-Pd-In-Na catalysts [11]. Richter et al. also screened a quartemary library 
for the deNO^ reaction [12]. The same concept was also applied for establishing a 
library of polyoxometalates containing W, V, Mo and P [13]. 

A method of saving efforts in preparing a large number of different catalytic 
materials is the split-and-pool approach - already well known in combinatorial 
chemistry - which was recently adapted to heterogeneous catalysis by Newsam et 
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al. [14, 15]. For preparing a catalyst library, a large number of beads consisting of 
a support material were covered by the catalytic active materials in different 
preparation steps (Fig. 1). 





Fig. 1 Principle of the split-and-pool method for preparation of large libraries of mixed- 
metal oxide catalyst. The black dots represents the beads covered by the components A, B, 
and C. After three steps 27 combinations of components have been prepared. 



First, equal amounts of the beads are charged to different vessels. To each 
vessel the solution containing one active element is added. After drying, each of 
the vessels contains a defined number of single beads covered with one element or 
compound respectively. In the next step, all beads are mixed (or pooled) and then 
evenly distributed again to the vessels. In this way each vessel contains beads 
covered by all but only one single catalytic compound per bead. Then, again 
solutions of catalyst components were given to the beads; after repeating the 
already described treatment process and redistribution again components are 
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added. After several steps, all possible qualitative combinations of catalyst 
components are contained in the library, where each single bead represents a 
defined catalyst composition (Figure 1). As an example, 3000 AI 2 O 3 beads were 
prepared by combining Mo, Bi, Fe, Co, Ni in some concentration steps. 384 
individual beads were tested simultaneously in a multi single-bead reactor; the 
reaction products of each bead were analyzed by a screening mass spectrometer 
[16-18]. The catalysts showing the best performance were then analysed by micro 
X-ray fluorescence to identify their elemental composition. 

Recently Sun et al. [19] also described the application of a split-and-pool 
method in heterogeneous catalysis. The authors prepared a catalyst library com- 
posed of supported noble metals (Pt, Au, Rh, Ir). X-ray fluorescence analysis 
showed that catalysts containing the metals in different concentration steps could 
be prepared. For identification of the single beads the authors suggested to adsorb 
different combinations and concentrations of three fluorescent dyes onto the 
surface of the support beads. In a proof-of-principle experiment it was possible to 
identify the individual dye-marked beads by their fluorescence intensities. 



4. Algorithms for Designing Subsequent Generations 
of Materials Compositions 

4.1 Genetic Algorithms 

Genetic algorithms are optimisation tools, which are inspired by the adaptation of 
living species to natural environment demands in biological systems. Based on 
modification, selection and survival of the fittest, which is repeated in each 
generation a better adaptation is achieved when going from one generation to the 
next. A general description of the mathematical fundamentals of genetic algo- 
rithms has been given in [20-23]. The use of genetic algorithms for catalyst 
optimisation has some advantages with respect to other optimisation methods: (i) 
Genetic algorithms are global optimisation tools, i.e. the best catalysts in a pre- 
defined parameter space can be found with high probability, (ii) The optimisation 
is done in parallel; this fits well with high-throughput experimentation, which uses 
parallel preparation and testing techniques. In fact, a whole catalyst generation 
consisting normally between 50 to 150 different compositions, can be prepared 
and tested in one high-throughput experiment. In contrast to this, other 
optimisation methods depend on the experimental results before defining the next 
data point and so, one catalyst after the other has to be prepared and tested, (iii) 
No pre-derived knowledge or assumptions on the topology of the parameter space 
is necessary to initialize the algorithm. 
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Fig. 2 Optimisation of catalyst composition by genetic algorithms 



Wolf et al. [24] firstly applied genetic algorithms to optimise the composition 
of heterogeneous catalysts. Based on a pool of chemical elements covering the 
parameter space to be searched for the optimum catalyst composition an initial 
generation of catalysts is generated stochastically. For the optimisation an 
objective function has to be defined, which can be the yield, space-time yield or 
selectivity of the desired product or any other value to be optimised. The catalysts 
of the first generation are prepared and tested by high-throughput experimentation 
and are ranked according to the value of the objective function. The best catalysts 
are used for generating the second catalyst generation. Here, the evolutionary 
operators are applied: crossover (exchange of components between two catalysts), 
qualitative mutation (one or more element are taken off from the catalyst or new 
ones are added) and quantitative mutation (the concentration of a catalyst 
component is changed). The principle of the optimisation is illustrated in Fig. 2. 

The genetic algorithm has been successfully applied to different types of 
heterogeneously catalyzed reactions: Oxidative dehydrogenation of ethane (Fig. 3) 
[2, 3, 25] and propane [4, 24, 26, 27], catalytic combustion of hydrocarbons at low 
temperature [28], partial oxidation of propane to acrolein and acrylic acid [29, 30] 
and light paraffin isomerisation [31]. For further illustrative information reference 
is made to the examples below. 
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Fig. 3 Example of catalyst optimisation applying a genetic algorithm: Oxidative 
dehydrogenation of ethane to ethylene (after [32]) 



In a recent report Wolf [33, 34] could show by mathematical simulation that 
genetic algorithms, if proper adapted, can be successfully applied to catalytic 
problems even when good catalysts only exist in very small areas of the parameter 
space. This was illustrated by the selective oxidation of ethane to acetic acid on 
Pd- or Rh-doped Mo-V-Nb, Mo-V-W, and V-P mixed oxide catalysts. The 
optimal catalyst has the composition MOjVo 25 Nbo j 2 Pdoooo 50 ^. The content of Pd as 
Pd^^ is very low and higher amounts of Pd existing as Pa clusters result in CO^ as 
main reaction product: furthermore, a special preparation mode is necessary to 
obtain the selective catalyst. Using a standard genetic algorithm Pd is not 
contained in the optimised catalyst due to its total oxidation activity. However, 
when using a step-wise strategy for optimisation of the composition, a modified 
genetic algorithm finds the optimum after ca 30 generations. This example clearly 
shows that genetic algorithms should be adapted to the catalytic problem to be 
solved and that pre-knowledge has to be used in encoding the catalyst’s 
components, which reflects its functionality. 



4.2 Artificial Neural Networks 

Artificial Neural Networks (ANN) have been developed using the analogy to the 
data processing in biological neural systems, where the correlation between input 
data and output data is represented by the connections between the individual 
neurons. The most often used ANN’s are multilayer perceptrons, which are 
constructed of layers of neurons (input layer, one or several hidden layers, output 
layer) and connections between the neurons (see Fig. 4). 

In high-throughput experimentation, ANN’s are valuable tools for the cor- 
relation of catalytic results (conversion, selectivities, yields, space-time yields) 
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with the properties of the catalysts (composition, structure, physical and chemical 
properties) and/or the reaction conditions. Due to the possibility of mathematical 
modeling of such dependencies, catalytic results for given input parameters can be 
predicted. 



yields 




output neurons 



hidden neurons 



input neumiis 



molur fructUins in the c^itnlyst composition 



Fig. 4 Example of an ANN with one hidden layer (architecture 7-4-2) for modeling the 
dependency between catalyst composition (input neurons) and performance (output 
neurons) for the oxidative dehydrogenation of propane to propene and ethylene (after [42]) 



The first application of ANN’s to catalysis was the estimation of the acid 
strength of mixed oxides [35]. Applications to heterogeneous catalysis, i.e. 
modeling relationships between the catalysts and their reactivity have been 
reported by Hattori, Kito and co-workers [36, 37] for the oxidative dehy- 
drogenation of ethylbenzene and the oxidation of butane, by Sasaki et al. [38] for 
the decomposition of NO into N 2 and O 2 , Hou et al. [39] for the acrylonitrile 
synthesis from propane, Sharma et al. [40] for the Fisher-Tropsch synthesis, and 
Huang et al. [41] for the oxidative coupling of methane. 

In connection with high-throughput experimentation Holena and Baerns [42] 
used different architectures of multilayer perceptrons to model the dependency of 
propene and ethylene yields on the composition of the catalysts in the oxidative 
dehydrogenation of propane as a model reaction. This was done on the basis of 
211 experimental testing results for catalysts each composed of at least three 
elements from the group of Fe, Ga, Mg, Mn, Mo, and V. The following data were 
used to train 230 different ANN architectures: elemental composition and gas flow 
rate of the feed (7 input neurons), yield of propene and ethylene (2 output 
neurons). Comparing the different nets, the best results were obtained by 
structures consisting of numbers of input neurons - hidden neurons - output neu- 
rons being equal to 7-3-2, 7-4-2, 7-5-2, and 7-6-2. Additionally, rules were 
extracted from the ANN, which allows identifying areas in the multi-dimensional 
parameter space where high propene yields are to be expected. Experimental 
verification of the predicted propene yields for different catalyst compositions, 
which were not known before, showed that the ANN describes the multi- 
parameter space very well [43]. A similar approach was recently reported by 
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Corma et al. [44] who trained different net architectures with data of the oxidative 
dehydrogenation of ethane to ethylene. 

Cundari et al. [45] applied ANN’s and genetic algorithms to the design of 
optimal composed catalysts for the ammoxidation of propane. An ANN was 
trained with 26 sets of experimental data (molar fractions of the six components 
the catalysts are composed of as inputs; activity and selectivity as outputs). A 
genetic algorithm was applied to search for the optimal catalyst composition using 
the trained ANN to generate virtual experiments. As a result, better catalysts than 
previously reported, were predicted. However, the best predictions were obtained 
for catalyst compositions outside the range of the training data and no 
experimental verification of these results has been reported. 



5. Experimental Tools 

Various experimental tools have been developed both for preparation and for 
catalytic screening of solid materials. These tools depend mainly on the objective 
whether it is just screening of the materials in a semi-quantitative manner (stage I) 
for their catalytic performance or whether full quantitative testing (stage II) is 
applied. 

Stage I screening comprises the preparation of very small amounts of materials 
by techniques like sputtering or ink-jet printing resulting in thin films or spots of 
the material on support surfaces. The catalytic screening aims at roughly 
discriminating between the reactivity of different samples. Therefore, analytical 
techniques like determining reaction heats by IR imaging, semi-quantitative 
detection of reaction products by mass spectroscopy (MS), IR spectroscopy or 
chemical reaction with fluorescence or dye indicators are sufficient. 

In stage II testing catalytic materials are prepared and tested near to 
conventional methods and conditions. Amounts of several hundred milligrams to 
several grams are prepared, mostly by robotic systems, via impregnation or 
precipitation techniques. For quantitative determination of activity and selectivity 
of the materials parallel reactors with well-defined operating conditions are used. 
The results are comparable to such derived from conventional lab- scale micro- 
reactors and have to be scaled-up in the next step for pilot-plant operation. 



5.1 Synthesis of Materials for Heterogeneous Catalysis 

A first attempt for preparing hundreds of differently composed inorganic materials 
by high-throughput methods was reported by Hanak already in 1970 [46]. This 
early approach, however, was not continued for lack of computer power in the 
laboratories at that time. In the beginning of the last decade of the 20^^ century 
materials such as luminophors, high-temperature super-conductors, and magnetic 
materials were prepared automatically in parallel in the form of thin films by 
sputtering using masks and solution based technologies [47-49]. In establishing 
this new field the foundation of the SYMYX Corp. in Santa Barbara, USA played 
an important role. In principle, the same methods have been used for preparation 
of heterogeneous catalyst in the so-called stage I screening [48]. 
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Combinatorial methods using preparation methods close to conventional 
approaches have been developed by Akporiaye et al. for the synthesis of up to 
1000 differently composed zeolites via a hydrothermal method using FIFE block 
multi-autoclaves with 100 cavities each. Characterization of all samples by X-ray 
diffraction delivers ternary or quaternary phase diagrams in the searched 
parameter spaces [50, 51]. High-speed synthesis of aluminium-rich zeolites and 
silesquioxanes has been described in [52]. The silesquioxanes were used as 
precursors for Ti catalysts being highly active in the liquid-phase epoxidation of 1- 
octene. 

A hydrothermal method was also applied to prepare mixed oxide catalysts. 
Small amounts of 37 samples of titanium silicalite were prepared on a silicon 
wafer and analyzed by X-ray diffraction to be amorphous or crystalline [53]. 

Hill and Gall [13] prepared an array of differently composed [PW^MOyVp^o]" 
polyoxometalates. From stock solutions of Na2W04, Na2Mo04, NaV03 and 
Na2HP04 37 catalyst samples were prepared and tested for the homogeneously 
catalyzed selective oxidation of tetrahydrothiophene to the corresponding sulf- 
oxide. 

The influence of synthesis parameters on the preparation of supported Au 
catalysts was systematically studied by Wolf and Schiith [54]. The catalysts were 
prepared by deposition-precipitation on various supports applying different pH 
values, temperatures of calcination, Au contents and washing procedures. By 
using high-throughput methods for both preparation and catalytic testing in CO 
oxidation optimal preparation parameters for highly active catalysts were deter- 
mined. 

Nele et al. [55] used a statistical (factorial) experimental design to analyze the 
deposition-precipitation and aging parameters in the preparation of silica- 
supported Ni catalysts. In the factorial design nominal Ni content, precipitation 
temperature, aging temperature, aging time, agitation, and NiN 03 concentration 
had been included. From the experiments a model was derived which describes 
the change of catalyst surface area with preparation conditions. 

Cassell et al. [56] used different composed materials spotted on a wafer to 
catalyze the growth of carbon nanotubes. 

In general, liquid handling robotic systems already known to be suitable for 
pharmaceutical combinatorial chemistry are widely applied to prepare catalysts 
using impregnation, precipitation and slurry preparation techniques [28, 54, 57- 
60]. 



5.2 Catalytic Testing of Materials 

Stage I screening is represented by methods using a few mg of materials samples 
deposited at wafer surfaces or in small cavities or miniaturized channels. Wafer 
based technologies have been used to analyze arrays of differently composed 
materials for H2 oxidation by IR thermographic detection of the reaction heats 
[61], CO oxidation by MS detection of CO2 [5], NO reduction [5], oxidative 
dehydrogenation of ethane to ethylene over MoVNbO catalysts analyzing the re- 
action mixture by a combination of MS and a photothermal deflection (PTD) cell 
[6, 7]. The early IR thermographic detection of reaction heats [61] has been im- 
proved by emission correction [62, 63]. 
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A method for discovering highly effective electrocatalysts from a 645-mem- 
bered electrode array using parallel fluorescence detection of generated protons 
was described by Reddington et al. [64]. Fluorescence imaging was also used for 
finding new catalysts for methanol oxidation in a direct methanol fuel cell [65] for 
electrochemical reduction of benzoquinone [66] and for the electrochemical 
oxygen reduction and water oxidation [67]. A method allowing a more accurate 
comparison of electrocatalysts is the multi-electrode array developed by Sullivan 
et al. [66]. An 8 x 8 electrode array immersed in a single electrochemical cell 
allows measuring the electrochemical current at each electrode by a computer- 
automated set-up. 

Screening methods between stage I and stage II are the reactor set-up of Senkan 
combined with the REMPI (resonance enhanced multi photon ionization) method 
[10, 68] or with a scanning MS [69], the scanning MS screening of powdered 
materials of Maier's group [70] and the MS screening of differently composed 
materials in the channels of a monolithic reactor [71]. 

Stage II reactor set-ups are represented by fixed-bed reactors operating in 
parallel. An early development is the six-flow reactor system of Kapteijn and 
Moulijn the application of which to different reactions has been summarized in 
[72]. In this set-up each of the 6 reactors is connected to a separate gas supply 
with mass-flow controllers. Rodemerck at al. used a common gas supply for a 15- 
reactor set-up [28, 57]. Hahndorf et al. described a 64-channel reactor set-up 
consisting of a ceramic block with 64 drillings, flow-restrictor devices to feed all 
reactors with a constant flow of reactants and a very fast analyzing tool consisting 
of a fast GC and a time-of-flight MS [59]. A parallel reactor set-up containing 16 
channels in a block of brass has been developed by the group of Schiith and tested 
for low-temperature CO oxidation [58]. The same group described a 49-channel 
reactor made of stainless steel, which can be operated close to conventional 
conditions at higher temperatures and pressures up to 50 bar [73]. 

Microreactors should be well suited for parallel testing of catalysts since their 
dimensions can be designed very exactly which makes it possible to have the same 
flow regime in each reactor. Miniaturization allows the integration of high num- 
bers of reaction channels in one set-up and lowers the costs for process gases and 
catalyst samples. Most applications of microreactors are in homogeneous reactions 
but they have also been applied to test catalysts for gas-phase reactions. Zech 
described a stack of plates with 35 channels each the surface of which was 
covered by an alumina- supported active catalytic material [16, 74]. To determine 
activity and selectivity the product gases were analyzed by a scanning MS, i.e. the 
MS inlet capillary is moved to the outlets of the distinct plates for analyzing gas 
samples. 

Parallel reactors for three phase reactions have been developed by Lucas et al. 
who described the parallelization of small batch autoclaves [75]. For 15 selective 
hydrogenation reactions the hydrogen pressure decrease was monitored on-line. A 
three phase reactor for simultaneous testing of 25 catalyst samples up to 50 bar has 
been described by Thomson et al. and also tested for a selective hydrogenation 
reaction [76]. 

The group of Maier developed set-ups for the high-throughput preparation and 
testing of photo catalysts for the oxidative degradation of harmful substances in 
water [77], which were successfully applied for discovering active and selective 
catalysts. 
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Special interest in high-throughput screening has been dedicated to fast ana- 
lytical tools to determine activity and selectivity of catalysts. In principle, it is 
possible to operate the reactors in parallel and analyze the effluents sequentially 
by switching from one reactor outlet to the next one. This approach demands a fast 
analytic system, and so mass spectrometers have been widely used [5, 16, 28, 57, 
69-71, 74]. It is also possible to use fast GC or GC/MS systems [59] in such a 
way. 

IR thermography is a really parallel method, which allows looking at all the 
catalysts at the same time [61-63, 78]. The quantitative detection of reaction heats 
emerging from the catalyst beds is a good measure for the activity of catalysts, but 
no selectivity data can be derived by this method although this is often of high 
importance. Another IR-based method which allows also the quantitative 
determination of product selectivities is the so-called FT-IR imaging technology 
[79-82]. A new reactor set-up allows analyzing the products of 16 reactors 
simultaneously using an FTIR spectrometer and a focal plane array (FPA) detector 
[81, 82]. The authors describe the application of the method to CO oxidation and 
CO adsorption studies. The method can be extended to higher numbers of reac- 
tors; theoretically, arrays of up to 250,000 samples can be analyzed by such an 
FPA. 

Also the REMPI (resonance-enhanced multiphoton ionization) technology 
allows a real parallel quantitative determination of reaction products [10, 68 ]. A 
laser beam selectively ionizes one chemical compound the concentration of which 
is than determined at the outlets of the reactors by a simple electrode array. By 
variation of the laser frequency different molecules can be ionized. Unfortunately, 
this method is not suitable for all reaction products of interest and especially 
difficult to apply if complex mixtures of similar compounds have to be analyzed. 

The photo-acoustic detection of reaction products is another method, which can 
be applied in parallel [83]. A laser beam stimulation of product molecules leads to 
a pressure increase and the resulting shock wave can be detected by a microphone. 
The method was used for parallel testing of catalysts in CO oxidation and 
oxidative dehydrogenation of ethane. 

Chemically sensitive sensors have been shown to be valuable tools for 
determining the concentration of reaction products in gas streams. Yamada et al. 
[84] developed an array of gas sensors, which can determine the concentrations of 
reaction products in the CO oxidation and in the selective oxidation of propane to 
oxygenates. For the determination of hydrogen concentrations a 96-element sensor 
array has been developed which is based on the chemo-optical properties of WO 3 
[85, 86 ]. The set-up was used for searching a Ti, Pt, Ni, Au, Pd, Al, Ag, Ge library 
for catalysts showing a high electrochemical H 2 production rate. 



6. ScientiHc Input in the Final Optimisation Process 

When applying optimisation routines in searching for optimal catalyst composi- 
tions several loops of preparing and testing have to be passed through. In each of 
these loops new knowledge about the relationship between catalyst composition 
and reactivity is generated. This knowledge can be used to accelerate the opti- 
misation process. The optimisation routine itself uses the empirical knowledge 
generated, as is done by applying the genetic algorithm. At an advanced level, it is 
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also possible to extract basic knowledge or rules from the previous experiments, 
which make it sometimes desirable to change the search principles, i.e., the pool 
of elements determining the parameter space or the frequency and ratio of cross- 
over and mutation. 

One example of using scientific input in the final optimisation strategy has been 
reported by Baerns et al. [25]. The authors applied an evolutionary strategy to 
search for new catalysts for the oxidative dehydrogenation of propane to propene 
using a pool of potentially active and selective redox-type metal oxides. After 
running four loops of the genetic algorithm the results were evaluated in order to 
identify the oxides being useful for high propene yields. In a second evolutionary 
approach the useful components were combined with additional metal oxides of 
different properties (acidity, basicity, oxygen adsorption) establishing a new pool 
of elements. After running five further generations a slightly higher propene yield 
was reached for the optimised catalysts as compared to the first evolutionary 
optimisation. The best catalysts of both the first and the second optimisation ap- 
proach applied were well characterized by XRD, EPR, UV/vis, XPS, and transient 
oxygen adsorption measurements leading to the conclusion that catalysts resulting 
in high propene yields contain well-dispersed V sites and no adsorbed surface 
oxygen. Based on this knowledge the authors applied VO^-on-MCM41/48 
catalysts, which are known to contain isolated V sites on the surface [87]. These 
catalysts resulted in much higher propene yields, i.e., almost twice as much 
compared to the V-containing mixed-oxides catalysts of the two evolutionary op- 
timisation procedures (Fig. 5). 



Scientific Knowledge 



Yield of 
Propene / 

% 




1 2 3 4 1 2 3 4 



generation no. 



generation no. 



MCM- MCM- 
48 41 
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Co, Ni, Zn, Cd, Ga, In, 
Ge 



Pool of oxides of 
V , Mo, Mn, Fe, Ga, 
Mg, B, La 



Highly 

dts perse d VO^ 
on MCM 



Fig. 5 Incorporation of scientific knowledge into the optimisation routine applying an 
evolutionary strategy for catalyst optimisation for the oxidative dehydrogenation of propane 
(after [25]) 



Up to now, scientific input has been reported not to any broader degree because 
of the lack of the general availability of fast catalyst characterization methods. 
Therefore, only small numbers of catalyst samples are usually well characterized 
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by different methods. However, new characterization tools working in parallel are 
in the development stage and will be available in the near future. Applying these 
methods a broad base of scientific knowledge will be generated, which can be 
used in combination with data-analysis software to establish structure-reactivity 
relationships for heterogeneous catalysts; in this way also the fundamentals in 
heterogeneous catalysis will benefit. 



7. Success Stories 

High-throughput experimentation has now being applied for more than five years. 
Some service companies, like Symyx, Avantium, and hte, indicate that work is 
occurring successfully; also numerous academic groups use combinatorial cata- 
lysis for faster development of new catalytic materials. Since most of the catalyst 
developments are made in close cooperation with industry results are often 
confidential and have not become known. Furthermore, from patent applications it 
is mostly not obvious if the catalysts have been discovered via combinatorial or 
conventional methods. Thus, only successful applications of high-throughput 
experimentation for the development of new catalysts, which has been reported in 
the open literature, is covered by this review. 

Maier and co-worker [77] used their home-made set-ups for the high- 
throughput preparation and testing of photo catalysts for the oxidative degradation 
of harmful substances in water. Ti02 is well known to be an effective photo 
catalyst. However, the knowledge on the catalytic performance of other oxides 
and the influence of doping materials is rare. Thus, the authors prepared and tested 
ca 100 catalytic materials based on Ti02, Sn02, and WO3 each doped by 15 
elements of the periodic table. As a result, new dopants for Ti02 as well as new 
photo catalysts based on Sn02 and WO3 were discovered. The authors stated that 
probably high numbers of doped oxides showing activity in photo catalysis exist, 
which can be easily discovered by high-throughput experimentation techniques. 

Another example in environmental catalysis is the development of low-tem- 
perature total oxidation catalysts for hydrocarbons in air by Rodemerck et al. [28]. 
The authors applied a genetic algorithm to search for catalytic materials catalyzing 
the total oxidation of low-concentration propane at temperatures below 100 °C. 
After preparing and testing three generations of altogether 210 catalyst samples 
using automated high-throughput set-ups it was found that Ru/Ti02 catalysts 
doped by different elements are able to oxidize propane to CO2 at 50-100 °C. Such 
catalysts can be applied to remove small amounts of hydrocarbons (some ppm) 
from air in the air liquefaction for oxygen and nitrogen separation since the 
dangerous condensation of hydrocarbons into liquid oxygen has to be avoided. 

Applying high-throughput technology researchers at Symyx Technol. Inc. 
found new catalysts for the oxidative dehydrogenation of ethane to ethylene [7-9]. 
In the first stage catalyst libraries of 144 members each were screened using a 
wafer technology and mass spectrometry for CO^ detection and photothermal 
deflection spectroscopy for ethylene detection. After screening V-Al-Nb, Cr-Al- 
Nb, and Cr-Al-Ta mixed-metal oxides libraries active and selective catalysts were 
identified and scaled-up to the 20 g scale [7]. 
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At Symyx specially designed high-throughput set-ups were developed for the 
direct amination of benzene to aniline [88]. Around 25,000 samples were screened 
in miniaturized autoclaves in about one year. In a second stage promising catalysts 
were scaled-up and optimised using conventional autoclaves. An optimised 
catalyst, Rh/Ni-Mn/K-Ti02 achieved 95% selectivity of aniline at 10% conversion 
and was shown to be stable. 

New effective electrocatalysts have been identified applying high-throughput 
methods. Chen et al. [67] reported on combinatorial discovery of bifunctional 
oxygen reduction - water oxidation catalysts. Searching 715 combinations of a 
five-element array (Pt, Ru, Os, Ir, Rh) Pt 45 RuJro 5 was found to show higher 
activity for both reactions than the previously described catalysts. New active 
quaternary composed catalysts for the electrochemical methanol oxidation in 
direct methanol fuel cells (DMFC) were found by Choi et al. [65] whose optimal 
composition was identified by high-throughput screening via fluorescence 
imaging. 



8. Outlook 

Development of catalytic materials and of other functional materials by high- 
throughput experimentation will receive even more attention than already pre- 
vailing. The main incentive for applying this technique in industrial practice is 
based on the opportunity to reduce development times and hence, the time-to- 
market for the materials or in catalysis in addition, the design of a catalytic pro- 
cess. Against these expectations it is not surprising that there are many efforts to 
further improve all the techniques involved in high-throughput synthesis, 
screening and testing materials. 

The improvement efforts comprise the advancement of existing synthesis 
robots with the aim of increasing their applicability to different methods such as 
precipitation, impregnation, hydrothermal and sol-gel-type synthesis; in many 
circumstances it will be also desirable to control certain variables during the 
preparation process, i.e., surrounding gas atmosphere, pH value of the liquid in the 
various vials, temperature etc. 

Screening and testing set-ups have to be designed for establishing accurate 
conditions especially temperature when dealing with highly exothermic reactions. 
Up to now the quantitative determination of catalytic performance is often a rate- 
limiting step since mostly no true parallel chemical analysis of the products 
formed is possible unless rather sophisticated and complex methods are applied. 

Intelligent handling of the huge amounts of data being generated in high- 
throughput experimentation is a still not fully resolved challenge. Data 
compilation, management and analysis needs special attention to take full 
advantage of the inherent knowledge created which will certainly contribute to the 
fundamental understanding of catalysis. 

The success stories in applying the novel techniques will without any doubt 
become more visible and their number will significantly increase in the near 
future. 
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Abstract. Ordered mesoporous materials can be synthesized with various different pore 
sizes, structures and framework compositions. Many different synthesis procedures have 
been developed and a high degree of control over the properties of the resulting materials 
has been achieved. The remarkably high surface areas of such materials and the narrow 
pore size distribution make these materials highly suitable for applications in catalysis. 
Without further modification, ordered mesoporous materials can be used as acid catalysts 
and as supports. In framework modified form, for instance with titanium, applications in 
redox catalysis have been described. In addition, many different catalytically active species 
can be supported, such as noble metals, base metal oxides, and molecular species. This 
chapter will cover the basics of the synthesis and characterization of such materials and 
review the state of the art with respect to catalytic applications. 



1. Introduction 

Porous materials have been intensively studied with regard to technical applica- 
tions as catalysts, catalyst supports, and adsorption media. According to the 
lUPAC definition^ porous materials are divided into three classes: microporous 
(pore size < 2 nm), mesoporous (2-50 nm) and macroporous (>50 nm) materials. 
The best known members of the family of microporous materials are zeolites. 
However, applications of zeolites in catalysis, although important and numerous, 
are limited by the relatively small pore sizes that are available. Research has, 
therefore, been focused on enlarging the pore sizes into the mesopore range, al- 
lowing larger molecules to enter the pore system. Porous glasses and porous gels, 
as well as intercalated layered materials are examples for early mesoporous solids, 
which, however, have disordered pore systems and broad pore- size distributions. 

The first synthesis of an ordered mesoporous material was described in a patent 
filed in 1969^ however, due to a lack of analysis, the remarkable features of this 
product could not be recognized^ In 1992, the same material was obtained by Mo- 
bil Corporation scientists^ MCM-41 (Mobil Composition of Matter) shows a 
highly ordered hexagonal array of uni-dimensional pores with a very narrow pore 
size distribution. The walls, however, are amorphous. Other related phases, such 
as MCM-48 and MCM-50 were reported in this early publication as well. At ap- 
proximately the same time, an alternative approach to mesoporous materials was 
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described by Yanagisawa et alA Kanemite, a layered silicate, serves as a silicate 
source. The obtained material is designated as FSM-n (Folded Sheet Mesoporous 
Materials-n), where n is the number of carbon atoms in the surfactant chain used 
to synthesize the material. Meanwhile, a large research effort has been focussed on 
synthesis and characterization of a variety of different, although related materials. 
Several reviews have already been published^^ This chapter will address syn- 
thetic aspects, but will mainly focus on catalysis. 



2. Techniques for Characterization 

The Standard procedure for characterizing mesoporous materials usually involves 
three independent techniques: adsorption analysis gives information about the po- 
rosity of the materials, whereas diffraction techniques (XRD) and transmission 
electron microscopy (TEM) supply insight in the degree of structural order. In the 
following, these techniques will be introduced with emphasis on their limitations. 
We will focus on the characterization of the most investigated member of the 
M41S family, namely MCM-41. In MCM-41, uni-dimensional pores are, as men- 
tioned before, hexagonally organized, resulting in a honeycomb structure. Due to 
this uni-dimensional channel system MCM-41 is often claimed to be less attrac- 
tive for catalytic applications, since mass transfer limitations could be expected. 
However, most synthetic procedures leading to MCM-41 result in the formation of 
very small primary particles, for which diffusion lengths in the mesopores will be 
short and mass transfer limitations thus will not be important. 



2.1 Sorption Analysis 

Sorption analysis is widely used to obtain information about the surface area of 
mesoporous materials and their pore-size distribution'* ’ I For MCM-41, the iso- 
therm is of type IV according to the lUPAC classification'^ It is characterized by a 
sharp capillary condensation step at a relative pressure of about 0.4. Uptake at 




Fig. 1: Typical N 2 sorption isotherm of MCM-41 
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very low relative pressure is due to monolayer adsorption and no indication for 
microporosity A typical N 2 isotherm obtained for MCM-41 is shown in Fig- 
ure 1. The calculation of the surface area according to the Brunauer-Emmett- 
Teller (BET) method and the calculation of the pore size distribution according to 
the Barrett- Joyner-Halenda (BJH) method'^ are the most commonly used algo- 
rithms to extract textural properties from the sorption isotherm data. The BET 
method is based on several assumptions‘^ that are partly not valid for such materi- 
als. Consequently, the BET surface areas should be taken as only approximately 
correct and are most useful to compare similar samples. The BJH method is based 
on the Kelvin equation, that requires the existence of a meniscus to allow the cal- 
culation of the correlation between relative pressure, at which adsorption or de- 
sorption occurs, and the pore size. However, if the step for N 2 at 77 K lies below a 
relative pressure of 0.42, the meniscus of the pore confined liquid is not stable any 
longer, and therefore application of the BJH algorithm is no longer justified. Nev- 
ertheless, calculated pore sizes are probably still in the right range. Other methods 
based on density functional theory^^^^ (D.F.T.) or Monte Carlo simulation^^ are 
more accurate, but less disseminated and not available in most standard software 
packages. 

MCM-41 -type silicas have been used as adsorbents to test methods of pore size 
evaluation based on the Kelvin equation, the 4V/S method and the method of 
Horvath and Kawazoe^^^\ Pore sizes evaluated from XRD lattice parameters and 
void fraction have been used as standard values. It was shown that the Kelvin 
equation for the hemispherical meniscus, corrected for the statistical film thick- 
ness, is in quite good agreement with an experimental relation between the pore 
size and the capillary condensation pressure. Comparison of specific surface areas 
determined by different methods strongly suggests that when nitrogen adsorption 
data are used, the BET method overestimates the specific surface area. 

Summarizing, mesopore size distribution can be extracted relatively reliably if 
the nitrogen isotherm is of Type Because of network-percolation effects, 
analysis of the desorption branch of the hysteresis loop may give a misleading 
picture of the pore size distribution, and if a steep step in the desorption branch 
occurs which meets the adsorption branch at a relative pressure of 0.42 for nitro- 
gen, rather the adsorption branch should be used for the calculation. 



2.2 X-ray Diffraction (XRD) 

The XRD pattern of MCM-41 typically shows low-angle reflections, that are due 
to the ordered hexagonal array of parallel silica tubes (Fig. 2). These reflections 
can be indexed as (100), (110), (200), (210) and so on. The lattice parameter a, i.e. 
the sum of pore diameter and wall thickness, is obtained via a= 2 d(100)/V3. 
Since the reflections are usually rather broad, the determination of the d-values 
often just results in an approximate value. Whereas the typical XRD pattern ex- 
hibits three or four reflections, it was referred to highly ordered materials with five 
or even more reflections^^ However, a higher number of reflections does not 
necessarily indicate a higher structural order of the material. The simulation^^ of 
diffraction patterns for MCM-41 materials with different degrees of defects re- 
vealed that a decrease in the domain size results in a loss of reflections, whereas 
the XRD patterns are just slightly influenced by an even large number of defects 
in the hexagonal pore structure. 
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Fig. 2. Typical XRD of MCM-41 



MCM-48, the cubic member of the M41S family, exhibits X-ray diffraction 
patterns showing several reflections, that can be attributed to a cubic phase with 
the space group Ia3d. The reflections of the lamellar structure MCM-50 can be in- 
dexed to hOO. 

A whole new range of mesoporous M41S analogues were developed following 
the initial reports, including SBA-1 (cubic Pm3n) and SBA-2 (cubic P 63 n), SBA- 
3, APM (acid prepared mesostructure), HMS (hexagonal mesoporous silica) SBA- 
15 or MSU-V and MSU-X (for references, see Table 1). These materials often ex- 
hibit X-ray diffraction patterns with lower content of information (one single re- 
flection) and they can also contain random arrays of pores. However, most of 
them are characterized by a narrow pore size distribution, a very high surface area, 
and a high hydrocarbon adsorption ability. 

One should note, that the XRD analysis of materials with large characteristic 
length can be very difficult, since part of the primary beam could be superimposed 
on reflections at very low angles below 1.5° (20) and lower. 



2.3 Transmission Electron Microscopy (TEM) 

Transmission electron microscopy is a suitable tool for answering the questions 
that remain after X-ray diffraction measurements have been carried out. However, 
it is not a substitute for X-ray diffraction, since usually only a rather small part of 
the sample is analyzed. To get a representative view of the quality of the sample, a 
great number of TEM images has to be examined. MCM-41 materials often show 
fingerprint-like structures'^ in addition to the ordered honeycomb type structures 
which are usually presented in literature. Upon closer examination these fmger- 
print-like structures reveal two dislocation and two disclination defect structures, 
that are similar to corresponding structures detected in pure liquid-crystal phases^l 
Other regions exhibit equidistant parallel lines, that are due to pores oriented 
parallel to the image plane^^ Other regions may appear disordered, but this can be 
due to the zone axis not being properly aligned with the electron beam, as tilt 
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experiments can reveal. Whereas the sum of pore diameter and wall thickness is 
relatively easy to determine, the demarcation between pore and wall is difficult to 
detect, since the image is dependent on the focus conditions. A typical TEM 
micrograph (SBA-15) is shown in Figure 3. 




Fig. 3: Typical TEM of an ordered mesoporous silica. Shown is an SBA-15 sample with a 
pore size of approximately 6.5 nm 



3. Synthesis 

3.1 General Remarks 

At the time of the discovery of MCM-41, porous glasses and porous gels were al- 
ready known as mesoporous materials, and mesoporosity was found in precipitates 
with textural porosity between the primary particles. However, these materials 
were characterized by broad pore-size distributions. By intercalation of layered 
materials such as double hydroxides, titanium and zirconium phosphates or clays. 
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further mesoporous materials were accessible, also exhibiting broad mesopore- 
size distributions and additional micropores. 

The synthesis of an ordered mesoporous material was already described in a 
patent filed in 19691 However, due to a lack of analysis these early scientists were 
unable to recognize the remarkable features of their product. Reproducing this 
synthesis, Di Renzo and coworkers^ found that the obtained material was identical 
with mesoporous MCM-41, which was patented by scientists of the Mobil Oil 
Corporation in 1991. The characteristic approach for the synthesis of ordered 
mesoporous materials is the use of templates, that enable the specific formation of 
pores with predetermined size. However, in contrast to zeolite synthesis where 
single molecules serve as templates, aggregates of molecules are used to obtain 
mesoporous materials. In case of MCM-41, the formation of the inorganic-organic 
composites is usually based on electrostatic interactions between charged surfac- 
tants and silicate species. Beck et al.^^ early proposed two possible main pathways 
for liquid crystal templating, the first pathway being silicate-initiated and the sec- 
ond liquid-crystal-initiated. Later it turned out that the reaction can proceed via 
both of them. In most cases, however, cooperative self assembly between the sur- 
factant and the inorganic species is the major driving force. 

Surfactant properties and concentrations, and additional ions determine which 
factors govern the synthesis most strongly^^’^^ MCM-41 can, for example, be 
formed over a wide range of surfactant concentrations^"^. Monnier et al.^^ investi- 
gated how MCM-41 forms at concentrations where spherical micelles are present, 
and proposed again a silicate-initiated mechanism. According to this, the oli- 
gomeric silicate polyanions first act as multidentate ligands for the cationic sur- 
factant head groups, leading to a surfactant- silica-interface with a topology de- 
pendent on the solution conditions. The negative charge at the interface decreases 
with progressive polymerisation of the silicate. Charge density matching deter- 
mines the final structure of the solid formed, and intermediate phases, such as a 
lamellar phase, can be present. Firouzi et al.^^ have worked under conditions where 
the silicate species do not polymerize in order to decouple self-assembly and 
polymerisation. They proved, that a micellar cetyltrimethylammonium bromide 
solution forms a hexagonal phase in the presence of anionic silica species. 
Another route is assumed to proceed via the formation of cylindrical, silicate 
coated micelles which then assemble to the hexagonal mesostructure^®. 

The prediction of surfactant aggregates and the corresponding mesophases in 
surfactant-water systems was made possible by Israelachvili et al.^^ who devel- 
oped a microscopic model according to which the dimensionless packing parame- 
ter g plays a key role, g is defined as g = V/aJ^, where V is the effective volume of 
the hydrophobic chain of the surfactant, a^ is the effective aggregate surface area 
of the hydrophilic head group, and 1^ is the effective hydrophobic chain length. In 
addition to the molecular geometry of the surfactant molecule, solution conditions 
such as ionic strength, pH, co- surfactant concentration and temperature affect the 
packing parameter^^ An increase in the packing parameter results in phase transi- 
tions corresponding to a decrease in the surface curvature. Stucky et al."^^"^^ pro- 
posed a synthesis-space diagram for a ternary system composed of NaOH, cetyl- 
trimethylammonium bromide and tetraethylorthosilicate, and a detailed investiga- 
tion of binary and ternary systems was later carried out by Firouzi et al.^^ Vartuli et 
al."^^ observed that also the surfactant to silica ratio has a substantial impact on the 
composite structure obtained. 
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3.2 Synthesis Pathways 

Pathways described in chapter 3.2.1-3.2.3 are listed in Table 1. Pure silica 
mesoporous materials, that are mainly of interest as catalyst supports, are given as 
examples. The text, however, will mainly summarize approaches that led to non- 
silicious materials, since materials like that will more likely be interesting as sup- 
ports exhibiting strong metal support interactions, or even as active components. 
Monnier et al.^^ were the first to suggest the possibility to substitute silicate by 
metal oxides for which condensable polyions exist. Subsequently, mesostructured 
surfactant composites made from a variety of metals have been synthesized'^l 
However, only a few mesostructures could be calcined without structural collapse, 
and therefore, obtained in a porous form. The thermal instability was attributed to 
the existence of several relatively stable oxidation states of the metal centers and 
thus oxidation or reduction reactions during calcination^^^ In addition, incomplete 
condensation of the species inside the pore walls might be responsible'^^ From the 
catalytic point of view, materials are of minor interest as long as the pores are 
blocked by template and the internal surface is not accessible. Therefore, synthe- 
ses that just lead to mesostructured template-oxide composites will not be men- 
tioned in the text. 

Table 1: Synthesis pathways with examples for the synthesis of pure silica mesoporous 
materials. ’ J.C. Vartuli et al., Chem. Mater. 6, 2317, 1994 ; ^ J.C. Vartuli et al., in Pro- 
ceedings of 209* ACS National Meeting, Division of Petroleum Chemistry, Anaheim, 21, 
1995; ^ Q. Huo et al.. Nature 368, 317, 1994 ; Q. Huo et al., Chem. Mater. 6, 1 176, 1994; ^ 
Q. Huo et al., Chem. Mater. 8, 1 147, 1996; ^ Q. Huo et al.. Science 268, 1324, 1995; ^ (a) 
G.S. Attard et al.. Nature 378, 366, 1995, (b) P.T. Tanev, T.J. Pinnavaia, Science 267, 865, 
1995 ; ^ P.T. Tanev et al., J. Am. Chem. Soc. 119, 8616, 1997; ^ S.A. Bagsahw et al.. 

Science 269, 1242, 1995; D. Zhao et al.. Science 279, 548, 2000 ; " E. Prouzet, T.J. 
Pinnavaia, Angew. Chem. Int. Ed. Engl. 9, 500, 1997. 
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3.2.1 Ionic Surfactants 

The first mesoporous transition metal oxide reported was Ti02 with hexagonal 
structure'^^ The mesostructure is prepared by using an anionic surfactant with 
phosphate head groups and titaniumalkoxy precursors, which were stabilized with 
bidentate ligands such as acetylacetone. After calcination the porous Ti02 exhibits 
surface areas of about 200 mVg. By using zirconium sulfate as a precursor, Ciesla 
et al/^"^^ succeeded in synthesizing hexagonal mesostructured surfactant com- 
posites. In case of a post- synthesis treatment with phosphoric acid or reduction of 
the amount of sulfate in the composite, the material could be calcined, and zir- 
conium oxo-phosphate and zirconium oxide-sulfate with pores in the range 
between micropores and mesopores were obtained. Treatment of the zirconium 
sulfate surfactant mesostructure with chromate solutions results in binary tran- 
sition metal oxide frameworks, that are also stable upon calcination"^^. Surface 
areas of up to 370 mVg can be reached. A mesoporous aluminophosphate was 
prepared by dissolving a hydrated aluminophosphate in KF, followed by treatment 
with a solution of cetyltrimethylammonium bromide in tetramethylammonium 
hydroxide^^. 

Recently, the synthesis of a new family of metal germanium sulfide meso- 
structured materials has been reported^ \ In the presence of quaternary alkyl- 
ammonium surfactants, [Ge^Sjo]'^ anions in formamide solution self-organize with 
metal cations (Co^^, Ni^"^, Cu"^ and Zn*) to build well ordered hexagonal metal 
germanium sulfide mesostructures. 40 % of the surfactant could be removed with 
acetone as a solvent. 

McGrath et al.^^ developed a new phase using cetylpyridinium chloride as a sur- 
factant. This phase is similar to an aerogel or xerogel, but exhibits two inter- 
penetrating networks containing water. The pore size can be varied by adjusting 
the concentration of surfactant, and the porous material is obtained by removing 
the water at low temperature. Interestingly, this approach allows to produce meso- 
porous materials in monolithic form. 

3.2.2 Nonionic Surfactants 

If amine surfactants^^ or polyethylene oxide surfactants^"^ are used instead of ionic 
ones, hydrogen bonding is the driving force for the formation of mesophases. 
Therefore, the surfactant can be recovered by extraction, which is advantageous 
both from an economical and an ecological point of view. Using amines as tem- 
plates, Tanev and Pinnavaia^^ prepared so-called HMS (/zexagonal mesoporous sil- 
ica) materials, that are, compared to MCM-41, of minor long range hexagonal or- 
der, but exhibit thicker walls^^ Lamellar silicas can be synthesized with 
H2N(CH2)„NH2 as a template^^^\ These materials are denoted as MSU-V (Michigan 
5tate University) and exhibit high surface areas after calcination. Polyethylene 
oxide monoethers as well as Pluronic- and Tergitol-type surfactants were used to 
form materials showing worm-like disordered mesopores with pore sizes ranging 
from 2.0 nm to 5.8 nm^\ These materials are called MSU-X. The same approach 
can lead to mesoporous alumina^^ Thermally stable, ordered, mesoporous 
SiA103 3, SiTiO,, AI2O3, Al2Ti03 Ti02, Zr02, ZrTiO^, ZrW203, HfO^, Nb203, Ta203, 
WO3, Sn02, with pore sizes up to 14 nm were synthesized with amphiphilic 
poly(alkylene oxide) block copolymers and inorganic salt precursors in non- 
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aqueous solutions^^. The materials contain nanocrystalline domains within rela- 
tively thick amorphous walls. 

The accessibility of MCM-41 at non-ionic surfactant concentrations under 
which liquid crystals are formed, has already been mentioned. Via this pathway, 
known as “true liquid crystal templating” approach, highly ordered cubic and la- 
mellar mesoporous materials could be obtained^’, as well as mesoporous palla- 
dium^^ and platinum^^ ^ and mesoporous platinum films^^ 

Zinc phosphate phases were synthesized with the chiral molecule d-glucosa- 
mine hydrochloride as a template^^ In addition to a layered phase a mesoporous 
phase with 3.2 nm pores and crystalline and ordered walls could be obtained. A 
mesoporous titanium oxo-phosphate, synthesized with an industrial non-ionic 
polyethylenoxide template, has been reported by Thieme et al.^\ The material 
shows a type IV N 2 -sorption isotherm, a BET-surface area of 350 mVg, pore sizes 
of approximately 4.5 nm, and thermal stability up to 550 °C. 

3.2.3 Ligand Assisted Assembly 

In the ligand assisted assembly approach, covalent bonds are formed between the 
inorganic precursors and the organic surfactant molecule^^ In addition to hexago- 
nal mesostructured silicas^^ mesoporous hexagonal niobia^* and tantalum oxide^^ 
could be successfully prepared via this approach. The synthesis of Nb- and Ta- 
TMSl (/ransition metal oxide mesoporous molecular 5ieve No.l) involves the hy- 
drolysis of long-chain amine complexes of niobium or tantalum alkoxides. The re- 
spective phase is formed by self-assembly of the metal-alkoxide-amine com- 
plexes. The template can be removed by extraction, leading to open porous struc- 
tures with surface areas of up to 500 mVg. Further, in case of niobia, a phase with 
three-dimensional hexagonal symmetry (Nb-TMS2), a cubic phase (Nb-TMS3) 
and a layered phase (Nb-TMS4) could be obtained^°. 

3.2.4 Polymer Templating 

Inorganic frameworks composed of oxides of Si, Ti, Zr, Al, W, Fe, Sb, and a ZrA^ 
mixture were formed from metal alkoxide precursors templated around polysty- 
rene (latex) spheres^’. Monodispersed latex spheres were ordered into close- 
packed arrays by centrifugation. The interstices between latex spheres were per- 
meated by the alkoxide, which hydrolyzed and condensed. The synthesis has also 
been expanded to other compositions including aluminophosphates and hybrid or- 
ganosilicates, as well as silicates with bimodal distributions of meso- and macro- 
pores. Transition metal-containing polymerizable lyotropic liquid crystals were 
prepared from sodium p-styryloctadecanoate by ion exchange with water-soluble 
metal chlorides, nitrates and acetates. It was found that cadmium(II), manga- 
nese(II) and cobalt(II) p-styryloctadecanoate form an inverted hexagonal lyotropic 
phase at 22 °C, while the copper(II) salt forms a columnar hexagonal thermotropic 
phase. The monomers can be cross-linked photolytically in their respective liquid 
crystal phases with retention of phase architecture to yield polymer networks 
containing ordered micro-domains of transition metal ions^l Yang et al.^^ produced 
porous silica, niobia and titania over length scales ranging from 10 nanometers to 
several micrometers by combining micromolding, polystyrene sphere templating 




292 A. Wingen, F. Kleitz and F. Schuth 



and cooperative assembly of inorganic sol-gel species with amphiphilic triblock 
copolymers. 



3.3 Morphology Control 

In order to obtain efficient solid-phase catalysts, control on the macroscopic 
length scale is crucial with respect to the size of the particles, textural and struc- 
tural porosity and mechanical strength. Typically, the conventional Si-MCM-41 
synthesis leads to a material consisting of loose agglomerates of very small parti- 
cles. That is actually more suitable to perform catalytic reactions, as long as the 
powders can be shaped into pellets, extrudates etc., since the diffusion length in 
the narrow channels is small. However, the formation of mesoporous materials as 
thin films, fibers, spheres or monoliths is also of great interest with regard to vari- 
ous applications. Many such approaches have been described, mostly relying on 
the acidic synthesis. The formation of mesoporous materials as thin films^'^^^ fi- 
bers^^^^^^ tubes^^ spheres^^^' ^^^^*"^ or monoliths^^ has been reported, following 
various pathways, which include either self-organization, or shaping procedures, 
such as spray-drying^^ aerosol processing*\ fiber-pulling^^ spin- and dip^^ ^^-coat- 
ing etc. These methods shall, although certainly of interest, not be discussed here 
in detail, since well established techniques for the shaping of catalysts by con- 
ventional means are probably more straightforward and are known in the catalysis 
community. 



3.4 Mesoporous Metallosilicates 

Much effort has been focussed on the introduction of heteroatoms, particularly 
aluminum, in the siliceous framework to modify the composition of the inorganic 
walls^' This seems especially important with respect to catalytic applications, 
since substitution of silicon allows fine-tuning of the acidity or creation of redox 
properties, similar as observed in amorphous alumosilicates or zeolites. 

Aluminum incorporation seems to be of special interest if, as in zeolites, this 
results in the formation of ion exchange sites and Brpnsted acidity. MCM-41 con- 
taining trivalent elements (prepared by impregnation, ion exchange or substi- 
tution), have been reported to have interesting catalytic activities (see references 
listed in 4.1.1). These metallosilicates are usually synthesized by 

Fe^^ Ti’^^ '^^etc. in the silica framework. Generally, incorporation of 
aluminum in the framework of MCM-41 increases the acid site concentration, ion 
exchange capacity, and also the hydrothermal stability of the materiaf'^^^ It is 
known that the substitution of tetrahedral aluminum in a silica framework requires 
the introduction of extra-framework charge compensating cations. Such cations 
are usually principal interaction sites for guest molecules that adsorb and react in 
the channels. 

Structurally these acidic aluminum containing mesoporous materials are inter- 
mediates between amorphous silica-alumina and zeolites. Similar to zeolites, they 
have a long range order with the well defined pores and like amorphous silica- 
alumina they do not have short range order. Since the local environment around 
the acid sites corresponds to amorphous materials, they exhibit a weaker acidity 
than zeolites, and correspond to silica-alumina in number of acid sites and acid 
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strength distribution. They contain larger pores than zeolites and, thus, are more 
suitable for catalytic reactions involving substrates which are too big to enter the 
pores of zeolites, like cracking or hydrocracking of bulky hydrocarbons, for ex- 

1 96,97,98 

ample 

For acid-base catalysis, the surface properties of materials are of crucial im- 
portance, since the strength of acid sites depends on the local environment of the 
aluminum atoms. The aluminum framework is in tetrahedral coordination and cre- 
ates one excess charge. This charge is compensated by cations. If these cations are 
replaced with protons by ion exchange with NH/ followed by calcination, Br0n- 
sted acidity is induced^^ Typical aluminum containing as-made MCM-41 samples 
show both tetrahedrally and octahedrally coordinated aluminum*^, but a variation 
in the aluminum source enables the formation of exclusively tetrahedrally coordi- 
nated aluminum‘°‘ Different authors have found different aluminum sources 
most suitable to obtain aluminum in tetrahedral positions, therefore, the synthesis 
procedure is relevant as well. Controlling the ordering and local aluminum struc- 
ture remains a challenge, but by now aluminosilicate MCM-41 mesophase solids 
with a high degree of order and silicon to aluminum molar ratios approaching 
unity seem to be available’^l For example, Si:Al ratios as low as 1:1 have been ob- 
tained by using aluminosilicate oligomers of the type Al^Sig_^(OH)^ 02 o / (0 < x < 
4)’^. The common technique used to distinguish framework and extra-framework 
aluminum is ^^Al MAS NMR^^'‘°^ but the results are sometimes ambiguous and a 
combination of several techniques is therefore necessary to fully analyze the 
acidity of such samples'°\ 

In order to modify the catalytic activity of the MCM-41 materials, especially to 
create redox properties, several other metal ions were incorporated (Ti, Zr, V, Cr, 
Mn, Fe, Co, Cu, Ge, La and Ce^^^) into the silica framework. Similar to zeolites, 
the incorporation of transition metals ions could isolate these active centers and 
thus make them highly efficient. The catalytic behavior is strongly influenced by 
the nature, the local environment and the stabilization of the metal introduced, and 
by the hydrophobic properties of the surface. Especially Ti-MCM-41 - analogous 
to TS-1 or Ti-p - has been shown to be a promising catalyst for selective oxidation 
of organic molecules using peroxides (see 4.1.2). Incorporation of Ti in MCM-41 
is generally achieved via a direct synthesis procedure which involves addition of a 
titanium source, such as titanium isopropoxide in ethanol, to the gel for hydro- 
thermal synthesis Post-synthesis addition of Ti is also possible’ll Traditional 
methods such as ion exchange and incipient wetness impregnation have their 
limitations, and new efficient methods are required. More suitable seem to be 
grafting techniques, for instance using metallocene complexes. 



4. Catalytic Properties 

Mesoporous aluminosilicate materials are of great interest in catalysis. They show 
high surface areas (> 1000 mVg), often high thermal stability (1273 K) and they 
have ion exchange properties. Transition metal ion modified materials are redox 
active and could be used for different classes of catalytic reactions. The non-sili- 
ceous ordered mesoporous solids could be used as catalysts in various reactions as 
such, or could be interesting supports, such as the titanias and the zirconias. The 
open mesoporous structure facilitates mass transfer of reactants to catalytic sites. 
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with the pore diameters allowing the diffusion of even bulky molecules. Finally, 
the meso- structured pore system enables the fixation of space-active complexes. 
Furthermore, in support applications for metal particles or metal oxides, the ex- 
ceedingly high surface areas, especially for non-siliceous materials, can be ad- 
vantageous compared to conventional supports, as well as the pore system, which 
prevents aggregation of the active species. 

Several ways to use MCM-41 materials for catalytic applications have been de- 
veloped. MCM-41 can be used as support for metal particles or metal oxides, the 
supported species being located inside the pores, as represented in Fig. 4, or on the 
surface. Modifications can be performed by the isomorphous substitution of Si 
atoms in the framework as described above, resulting in acidic or redox-active 
catalysts. Organic molecules or organometallic complexes can be anchored di- 
rectly in the pores via Si-0- bonds, possibly involving organic spacers, creating 
specific catalytic functions. The flexibility can be increased by wall functionaliza- 
tion with organic molecules which changes the hydrophobicity, especially if they 
are introduced as an integral part of the inorganic framework^^^, the polarity or the 
acidity of the materials. The presence of anchored transition metal complexes has 
led to interesting results in many catalytic reactions (see 4.2.2). 




Amorphous 
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Fig. 4: Schematic representation of different possibilities for the use of the mesoporous 
structure. Left: supported metal or metal oxide particles, located on the surface or within 
the pores. Right: metal cations (ex: Ti 4+ in white) incorporated by isomorphous substitu- 
tion. Top: organometallic complexes grafted onto the surface and inside the pores via or- 
ganic spacer (S) (6-, 5- or 4-coordinated complexes, metallocenes or metal salts). Bottom : 
surface modified by organic molecules with functionality (R = CHS, Ph, OAc, Cl, SH, 
NH2) 

In the following sections 4.1 and 4.2 we will distinguish between the so-called 
direct catalytic applications, namely the catalytic possibilities offered by mesopor- 
ous silica and metallosilicates themselves, and their applications as support, in a 
second part (4.2). 
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4.1 Direct Catalytic Applications 

The direct catalytic applications mainly comprise acid-base catalyzed reactions, 
redox catalysis, and polymerisation catalysis, although some overlap, especially 
between the first two and the latter exist. In addition, for some acid or base cata- 
lyzed reactions and also for polymerisation reactions supported systems have been 
used. 

4.1.1 Acid-Base Catalysis 

As described previously, acid sites in mesoporous materials can be generated ei- 
ther by silicon substitution with trivalent cations such as aluminum, or by adding 
an acidic component such as a heteropolyacid or an acidic zeolite. 

Initially, the use of mesoporous materials in FCC catalysis was envisaged, but 
their limited hydrothermal stability and the relatively low acid site strength limits 
their suitability in this field. However, other reactions that require milder acidity 
and involve bulky reactants and products, such as mild hydrocracking reactions, 
seem more promising. In this way, substantial efforts have focused on the poten- 
tial activity of Al-MCM-41 in processing bulky hydrocarbon molecules. Applica- 
tions studied comprise fuel refining, isomerisation and oligomerisation of hydro- 
carbons and olefins, hydrodesulfurization and hydrodenitrogenation reactions 
(HDS and HDN), where especially transition metals supported on mesoporous 
materials have been used. 

In addition to these bulk processes several reactions directed to the production 
of fine chemicals have been studied. In particular, the preparation of acetals, used 
in the fragrance industry, demonstrates, that MCM-41 type materials can advanta- 
geously be used in such applications. 

4.1.1.1 Surface Properties 

Adsorption of bases such as ammonium’^ and pyridine^^ on Al-MCM-41 allows 
to determine the strength of acid sites via temperature programmed desorption 
(TPD) and FTIR“^ "\ One can distinguish with these methods between Lewis and 
Brpnsted acidity and recognize weak and strong acid sites, depending on the Si:Al 
ratio and the nature of the trivalent element (Al, Fe, Ga). Also, weak silanol Br0n- 
sted acidity is detected. Yiu et al. evaluated the Lewis and Brpnsted acidities of 
Fe^^, Ga^^ and containing mesoporous silica, by comparing the respective 
activities in the Lewis-catalyzed alkylation of toluene with benzylchloride and the 
Brpnsted-catalyzed alkylation of toluene with benzyl alcohol, as test reactions. 

In general, the strength of acid sites was found to be similar to that of amor- 
phous aluminosilicates. Also ^^Si-NMR results indicate the amorphous nature of 
the pore walls. The T-O-T bond angles are widely distributed. Since the O-Al-0 
angle is less flexible than the O-Si-0 angle, Al-MCM-41 materials are commonly 
less well ordered and show a broader pore size distribution than their pure silica 
analogues^’. 

The nature and concentration of the acid sites of MCM-41 materials as a func- 
tion of Si/Al ratio have been investigated by FTIR spectroscopy using pyridine as 
a probe molecule''^ The tetrahedral to octahedral aluminum ratio is found to in- 
crease with higher aluminum incorporation. The sample with the lowest Si/Al ra- 
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tio is found to exhibit higher acidity compared to the other samples. Al-MCM-41 
has been synthesized using colloidal silica (Ludox AS) and either Al(OH)3, or 
Al(iPrO)3, or NaA102 as a aluminum source^ Samples prepared with Al(OH)3 
contain a wide distribution of acid site strengths, indicating the absence of pre- 
ferred locations of Si-O-Al groups within the pore walls. In contrast, distinct 
populations of acid sites appear in materials prepared with Al(iPrO)3 or with 
NaA102. For aluminosilicate MCM-41 mesophases prepared at room temperature, 
2D heteronuclear chemical shift correlation NMR spectra show that tetrahedrally 
coordinated aluminum and silicon intra-framework species are in close spatial 
proximity to the trimethylammonium head groups of the cationic surfactants in the 
as-synthesized materials and to ammonium cations following calcination and ion 
exchange"^ For MCM-41 materials synthesized under hydrothermal conditions, 
the same technique shows that the appearance of six-coordinate aluminum species 
results from strongly bound water molecules coordinated to aluminum atoms that 
are also in the vicinity of the surfactant species. Furthermore, the detection of 
couplings between ^^Al or ^^Si species and protons associated with the structure- 
directing surfactant molecules or exchangeable ammonium counterions establishes 
that a significant fraction of the aluminum atoms are present in the inorganic 
frameworks of these materials* 

The investigation of the adsorption of polar and nonpolar molecules on a sur- 
face is a suitable tool for measuring its hydrophilic or hydrophobic character. The 
adsorption studies of cyclohexane*^ benzene^^ and water* *^ on MCM-41 revealed 
that the surface is relatively hydrophobic. The silanol density corresponds only to 
about half of that usually found in conventional silica. Even Al-MCM-41 is quite 
hydrophobic** I Information about surface OH-sites is important for surface 
modifications such as silylations^l Single, (SiO)3Si-OH, hydrogen-bonded, 
(SiO)3Si-OH-OH-Si(SiO)3, and geminal, (SiO)2Si(OH)2, silanol groups could be 
distinguished by spectroscopic examinations**^ (^^Si CP/MAS/NMR, FTIR) and a 
fourth silanol group was reported as well**^ However, only single and geminal si- 
lanols are accessible to the silylating agent, trimethylchlorosilane (TMC1)**^ Sev- 
eral NMR, FTIR and TG/DTA experiments carried out on MCM-41 and MCM-48 
showed that in both mesoporous materials 26-30 % of the Si atoms carry OH- 
groups. MCM-48 contains more associated terminal OH-groups than MCM-41. 
Exchange experiments with D2 and NH3 adsorption studies show that these silanol 
groups are freely accessible and not acidic*^*^. 

To evaluate the catalytic activity, test reactions can be carried out. For instance, 
in microactivity tests with hexadecane as a model feed, Al-MCM-41 produced a 
higher amount of gaseous products as well as more olefins and a lower amount of 
branched hydrocarbons*^* than commercial FCC catalysts. Another test reaction is 
the conversion of 1,3,5-triisopropylbenzene. Platinum loaded MCM-41 alumi- 
nosilicate proved here to be highly active in the conversion of 1,3, 5 -triisopropyl- 
benzene to mainly mono- and di-substituted isopropylbenzene*^^ Cumene cracking 
is also one possible catalytic test reaction. For example, FSM-16 was impregnated 
with an alcohol solution of aluminum isopropoxide. The resulting mesoporous 
silica-alumina catalysts exhibited activities for cumene cracking, though the 
activities are lower than that of an amorphous silica-alumina catalyst*^l 

Summarizing, virtually all reports on the acidity of MCM-41 type materials 
agree, that the acidity resembles much more that of amorphous aluminosilicates 
than that of zeolites. 
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4.1.1.2 Refinery Catalysis 

Mesoporous materials have been extensively investigated with regard to their use 
in cracking and hydrocracking reactions. The patent literature contains many ex- 
amples, but cannot be reviewed in detail here. Unfortunately, the disadvantages of 
low acid strength and low hydrothermal stability of MCM-41 catalysts are a 
counterbalance to the advantage of the accessibility of the pores even for large 
molecules. For small molecules, such as n-heptane, the cracking activity of MCM- 
41 is much lower than that of ultra-stabilized Y zeolite and comparable with that 
of amorphous aluminosilicate^l For crude oil cracking, the difference in activity 
decreases. Steam treatment, used as a way to simulate fluidized catalytic cracking, 
results in a collapse of the mesopore structure and a decrease in activity far below 
that of steam-treated aluminosilicate. Nevertheless, fuel was successfully proc- 
essed over a hydrocracking catalyst composed of Ni and W or Pt loaded MCM-41, 
compounds for the hydrogenation reaction and the cracking reaction, respec- 
tively'^"^. For the conversion of low-density polyethylene to hydrocarbon feedstock, 
MCM-41 was found to be more active than amorphous aluminosilicate, but due to 
its greater acidity, the activity of ZSM-5 was even higher. Moreover, the products 
obtained from reactions over MCM-41 contained more liquid hydrocarbons in the 
gasoline and middle distillates range with a decrease in aromatic content'^^ 

There are scattered reports'^^ on comparable cracking activities of Al-MCM-41 
and zeolite Y using long-chain hydrocarbons and increased cracking activities of 
MCM-41, when using bulky hydrocarbon molecules. Aluminum chlorohydrate 
which contains A1 polycations, such as the A1^3^^ Keggin ion, has been used as a 
source of A1 for post-synthesis alumination of MCM-41 As confirmed by ^^Al 
MAS NMR, a large proportion of the A1 is substituted into tetrahedral positions 
within the framework, whereas no separate surface alumina phases could be de- 
tected with TEM and XPS. These materials exhibit considerable catalytic activity 
for cumene cracking and their activity is superior to that of a AlCl 3 -grafted MCM- 
41 or aluminum chlorohydrate-grafted amorphous silica. 

Mesoporous materials with pores too large to expect any shape selectivity have 
been used in the skeletal isomerisation of l-butene’^^ The conversion of 1 -butene 
increases with higher aluminum content in mesoporous materials, while the selec- 
tivity for isobutene decreases. Ammonia TPD, IR measurement of 1 -butene ad- 
sorption, and TG analysis were performed to confirm that the high concentration 
of activated 1 -butene molecules on the mesoporous material with high aluminum 
content accelerates the multimolecular oligomerisation and, thus, reduces the se- 
lectivity. 

The oligomerisation of butene at 423 K and 1.5-2 MPa has been investigated 
over zeolites, amorphous silica-alumina and ordered mesoporous alumosilicate 
with uniform 3 nm pores. The mesoporous catalyst exhibited high selectivity and 
good stability with time for the production of branched dimers while olefin 
oligomerisation into strongly adsorbed residue and fast deactivation prevailed on 
microporous catalysts and amorphous silica-alumina'^''. Phosphated mesoporous 
zirconium oxide (Zr-TMS) was used as a mild acidic catalyst. It has been found to 
be active for the gas-phase double-bond isomerisation of 1 -butene at temperatures 
of 100 - 350°C'^'. Recently, Pater et al.'^^ showed in a comparative study, that 
MCM-41 is a suitable catalyst to perform selective hex-l-ene dimerization in oc- 
tane. Owing to the mesopores, the dimerization cracking reactions, which produce 
isohexene and cracked products, are avoided. 
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As the catalytic hydrotreating of petroleum fractions is of crucial importance 
due to increasingly strict environmental legislation, numerous materials were de- 
veloped aiming to applications in hydrodesulfurization reactions and hydrodeni- 
trogenation. Al-MCM-41 was co-impregnated with Co(N03)2 6H2O and 
(NH4 )^Mo 2024 followed by calcination and sulfidation’^^ At 350-375 °C under 
6.9 MPa H2 pressure, sulfided Co-Mo/MCM-41 catalysts show higher hydrogena- 
tion and hydrocracking activities in hydrodesulfurization of a model fuel contain- 
ing 3.5 wt% sulfur as dibenzothiophene in n- tridecane, whereas Co-Mo/ AI2O3 
catalysts show higher selectivity to desulfurization. Co-Mo/MCM-41 catalyst with 
a high metal loading level is substantially more active than the C0-M0/AI2O3 
catalysts. It was, however, not as good as commercial C0-M0/AI2O3 for the desul- 
furization of petroleum residues with large-sized molecules, such as asphaltene. A 
similar catalyst system with Co replaced by Ni was used for gasoil hydrocracking, 
and showed higher hydrodesulfurization and hydrodenitrogenation activity than 
the oxides supported on USY and amorphous aluminosilicate^l Increase of HDS 
activity after introduction of Ni has also been observed for HMS materials, which 
are active for acid-catalyzed reactions, such as cumene cracking and isopropanol 
dehydration in unmodified form’^^ 

Acidity in mesoporous compounds can also be generated by addition of heter- 
opolyacids or acid zeolites to mesoporous materials. However, since in this ap- 
proach the mesoporous oxide is rather used as a support, we will cover this topic 
in a later section. 

4.1.1.3 Catalysis for fine Chemicals Production 

Acetal compounds find important uses for pharmaceuticals and fragrances and can 
be obtained via acetalization of carbonyl functions. For the acetalization of alde- 
hydes, zeolites were found to be more active than MCM-41, as long as small 
molecules were processed. For larger reactants, the restriction of pore size became 
decisive, and MCM-41 appeared to be interesting despite its low acid strength’^^ 

A good example of this type of reactions is the synthesis of alpha-n-amylcin- 
namaldehyde (jasminaldehyde) (4). The product has been prepared with high se- 
lectivity via a process involving the acetalization of heptanal (1) with methanol, 
followed, in the same pot, by a slow hydrolysis of dimethylacetal (2) and then the 
aldolic condensation of the two aldehydes (Figure 5)'^^ In this interesting work, 
the authors made a comparison of several catalysts including a large pore zeolite 
(Beta) and mesoporous silica-alumina with various Si/Al ratios. They investigated 
the influence of the catalysts structure on its performance, concluding that the 
suitable catalysts have to present mild acidity with large regular pores in a narrow 
range of pore diameter, which enables fast diffusion of the jasminaldehyde. This 
reduces the probability for undesired consecutive reactions (oxidation of (4) fol- 
lowed by decarboxylation or intramolecular acid-catalyzed cyclization of the he- 
miacetal function of (4)). It was also shown that, in the case of MCM-41, the 
deacetalyzation process (slow hydrolysis + condensation) of the heptanal di- 
methylacetal (2) proceeds slowly, maintaining a low concentration of heptanal on 
the catalysts surface, helping to inhibit the formation of the secondary product (5). 
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Fig. 5. Jasminaldehyde (4) one pot synthesis via heptanal (1) acetalization, proceeded with 
Al-MCM-41 as acid catalyst (MJ. Climent, A. Corma, R. Guil-Lopez, S. Iborra and 
J. Primo, J. Catal. 175, 70, 1998) 



With high global reaction rates it is possible to have a low concentration of 
heptanal at the surface, decreasing the self-condensation of heptanal ( 1 ), and, thus, 
achieving a high selectivity for jasminaldehyde. The influence of the concentra- 
tion of acid sites on H-MCM-41 has also been investigated, indicating that the ac- 
tivity is directly proportional to the amount of acid sites and the activity per site is 
the same for different amounts of Al. Increasing the Si/Al ratio leads to an in- 
crease of the selectivity towards the jasminaldehyde. This fact is due to a higher 
hydrophobicity of MCM-41, that will favor the elimination of methanol which oc- 
cures during the conversion of an unstable intermediate product (giving (4)). Con- 
versions beyond 90% were achieved with selectivity being higher at 373 K than at 
higher temperatures. One can assume that the different results obtained with zeo- 
lite p are mostly caused by the faster diffusion of heptanal with respect to benzal- 
dehyde. 

There are many other examples for specific conversions over ordered mesopor- 
ous oxides. Much work focused on applying mesoporous catalysts to various well- 
known alkylation reactions. For example, Friedel-Crafts alkylation of 2,4-di-tert- 
buty 1-phenol with 3-phenylpropenol (cinnamyl alcohol) was carried out over 
MCM-4l'^l Al-MCM-41 proved to be superior to the commercial aluminosilicate 
catalysts, when bulky alcohols including cholesterol, adamantan-l-ol, 2-naphthol 
and dihydropyran were converted to the corresponding tetrahydropyranyl ethers 
with remarkable catalytic activity and selectivity The synthesis of alkylgluco- 
sides from glucose and n-butanol has been carried out on Al-MCM-41 mesopor- 
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ous materials’^^ It has been found that a higher concentration of acid sites does not 
guarantee a better catalytic performance. The adsorption-desorption properties of 
the material play a determinant role in this reaction. Therefore, the larger the 
diameter of the pore at the same level of A1 contents, the more active is the final 
catalyst. 

Moreover, amorphous mesoporous silica- aluminas (MSA) and MCM-41 show 
alkylation activities comparable with zeolite (3 in the liquid-phase alkylation of 
toluene with propylene, while their isomerisation and transalkylation activities are 
lower than those of zeolite (3 and AICI3-HCI, but similar to that of supported phos- 
phoric acid^"^\ Alkylation is a stage in the production of sulfonated linear alkylben- 
zenes, which are an important class of detergents. Nowadays, either aluminum 
chloride or hydrogen fluoride are used as catalysts for this reaction. However, the 
use of these catalysts presents serious problems in terms of both environmental 
impact and lack of selectivity towards the desired product. Aluminum chloride on 
MCM-41 proved to be a catalyst that can be easily separated from the products 
and is environmentally friendly. In addition, it exhibits significant improvements 
in selectivity towards both the monoalkylated product and the preferred 2-phenyl 

142 

isomer . 

MCM-41 and Al-MCM-41 were tested in various other alkylation reactions. 
They have, for example, catalytic activity for the alkylation of benzene with iso- 
propanol, cumene being the major product’'^^ and for the isopropylation of tolu- 
ene’^. Separate studies showed that Al-MCM-48 exhibited higher activity for the 
isopropylation of naphthalene and for the isopropylation of pyrene than Al-MCM- 
41. This is attributed to its larger pore size and the three-dimensional pore system, 
which is more advantageous for molecular diffusion than the relatively narrow and 
one-dimensional pore system of A1-MCM-4C'^^ Compared with the yields of 2,6- 
diisopropylnaphthalene on large-pore zeolites, those on Al-MCM-41 and 
Al-MCM-48 are not high. However, isopropylation of pyrene occurs inside the 
mesopores of Al-MCM-41 and Al-MCM-48, while pyrene derivatives cannot be 
produced inside the micropores of zeolite Y. Therefore, a much higher activity is 
achieved for the mesoporous materials, but coke formation and adsorption of both 
the reactant and the product caused catalyst deactivation. The product distributions 
indicate that shape selectivity occurs inside the regular mesopores of the materials. 
In general, for processing bulky molecules mesoporous materials are advanta- 
geous. Since such molecules are difficult to evaporate, reactions can be carried out 
in the liquid phase, such as tert-butylation of anthracene, naphthalene and thian- 
threne with tert-butyl alcohol in isooctane or carbon tetrachloride‘^^ 

p-Naphthyl methyl ether was synthesized from b-naphthol and methanol at 
200°C and 3.5 lO' Pa over Al-MCM-41 and sulfated Al-MCM-41 in a batch 
autoclave reactor"^^ The sulfated Al-MCM-41 catalyst formed exclusively p- 
naphthyl methyl ether and had much higher yields than sulfuric acid, amorphous 
silica- alumina, y- alumina and H-ZSM-5, which was attributed to the ex- 
tra-framework aluminum within the intra-channel space. 

Recently, Lindlar et al.'"^* tested the activity of Al-MCM-41 in Friedel-Craft 
acylation of 2-methoxynaphtalene. They found that pH adjustment of the synthesis 
gel during formation of MCM-41 leads to increased activity, mostly due to a better 
accessibility of the active sites. 

Base catalysis is not as well investigated as acid catalysis over mesoporous 
materials, but they can be adapted for several applications in specific reactions. 
For instance, Al-MCM-41 cation exchanged with sodium and cesium have been 
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used for the base-catalyzed Knoevenagel condensation*'^^ In the presence of 
Na-MCM-41, the reaction of benzaldehyde and ethyl cyanoacetate carried out in 
aqueous solution, led to a selectivity of almost 100 % and conversion of 90 %. 
Both H-MCM-41 and Na-MCM-41 further catalyze the condensation of benzalde- 
hyde with acetophenone yielding chalcone. Al-FSM-16 was used in the synthesis 
of meso-tetraarylporphyrins from the corresponding aromatic aldehydes and pyr- 
role. Except for o-methylbenzaldehyde this catalyst was preferable compared to 
the liquid acid BF 3 OEt 2 , and it could also be regenerated by calcination’ 

One last example detailing the increased conversion over MCM-41 in compari- 
son to zeolite p, is the conversion of linalool into cyclic furan and pyran hydroxyl 
ethers'^’. The reaction is carried out over framework substituted Ti-catalysts. It 
consists of an epoxidation reaction, catalyzed over the titanium sites, and an acid 
catalyzed nucleophilic substitution reaction, proceeding via ring opening of the 
epoxide going along with ring closure for furan or pyran formation. 

4.1.2 Redox Catalysis 

As previously detailed, metal containing MCM-41 analogues are expected to be 
promising oxidation catalysts, particularly those based on early transition metals 
(Ti, Zr, V, Cr, Mo, W, Mn). 

Previously, isolated titanium ions have been incorporated into microporous sil- 
ica materials. The best known is TS-1 with a MFI zeolite topology in which sili- 
con is substituted by Ti cations. TS-1 and several other titanium-containing zeo- 
lites have shown good performances in selective partial oxidation reactions of 
various organic compounds with hydrogen peroxides or organic hydroperoxides as 
oxidants. Catalytic oxidation was carried out successfully on alkanes, alkenes, al- 
cohol and arylammes 

However, the catalytic activity of these microporous materials are limited to re- 
actants and products that can diffuse in their relatively narrow pores. Ti-MCM-41 
present the clear advantage of a large pore system enabling the oxidation of much 
larger hydrocarbon chains, cycloalkanes and branched alkanes. To date, only Ti- 
Beta, a large pore zeolite, allowed bulky alkyl peroxides, such as TBHP, to be 
used as oxidants. Ti-MCM-41 widened the range of catalysts available for such 
reactions. When alkylhydroperoxides are used as oxidants, a better hydrophobic 
interaction with the substrates, competing with water, is expected. Moreover, in 
Ti-MCM-41, the alkylhydroperoxide can easily penetrate the mesopore system, 
avoiding diffusion limitations or steric hindrance. 

The further examples will show that MCM-41 materials with incorporated tran- 
sition metal centers can be very effective catalysts, depending on the role played 
by their pore diameter, the organization of the channel system, the nature of the 
oxidant, the nature of the metal and the hydrophobic/hydrophilic properties. 

The first publications on titanium modified mesoporous silicas appeared in 
1994. Tanev et al. investigated the selective oxidation of 2,6-di-tert-butylphenol 
(2,6-DTBP) with H 2 O 2 to the corresponding quinone‘^^ They compared the activ- 
ity over Ti-MCM-41, synthesized with ionic surfactants under hydrothermal con- 
ditions, with that over Ti-HMS, synthesized with neutral primary amine surfac- 
tants at room temperature. The latter was more active, probably due to a higher 
textural mesoporosity along with less diffusional limitations. Corma et al. com- 
pared Ti-Beta, Ti-ZSM-5, and Ti-containing MCM-41, which showed good ac- 
tivities in the catalytic partial oxidation of hex-l-ene with H 2 O 2 . Ti-MCM-41 also 
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showed a high catalytic activity in the epoxidation of norbomene using tert-butyl 
hydroperoxide (TBHP) as an oxidant. The incorporation of Ti-MCM-41 into a 
partially polymerized polymethylsiloxane matrix led to an even higher catalytic 
activity in the epoxidation of cis-cyclooctene with TBHP than that observed over 
the free catalyst*^^ Zr-MS^^^ synthesized with hexadecylamine and zirconium iso- 
propoxide at room temperature, showed a similar activity for this reaction, but had 
a higher selectivity for alcohol in the epoxidation of norbomylene. Framework Ti- 
substituted and Ti-grafted MCM-41 prepared by direct hydrothermal synthesis and 
a post-synthesis grafting method have been tested as catalysts for cyclohexene 
oxidation with aqueous H 2 O 2 and tert-butylhydroperoxide'^^ With aqueous H 2 O 2 in 
methanol, the major products were cyclohexene diol and its methyl ethers, but no 
cyclohexene oxide was produced. Titanium leaching was a serious problem. In 
contrast, with tert-butylhydroperoxide the selectivity for cyclohexene oxide was 
nearly 100 % and titanium leaching was negligible. However, the reaction rate 
was lower than with H 2 O 2 . The Ti-grafted MCM-41 was shown to be somewhat 
more active than the Ti-substituted material. Substituted mesoporous molecular 
sieves were also prepared post-synthetically by applying Ti-butoxide in ethanol 
solutions of different concentrations to MCM-41, MCM-48 and KIT-l‘^. The 
resultant catalysts were active for the selective oxidation of 2,6-di-tert-butylphenol 
with H 2 O 2 . Ti-Beta and Ti-MCM-41 catalysts are able to epoxidize methyl oleate 
using hydrogen peroxide or tert-butyl hydroperoxide as oxygen donors with high 
conversions and epoxide selectivities^^*. 

Ti containing zeolites as well as Ti-MCM-41 catalytic systems present tunable 
hydrophobic/hydrophilic properties, which are, indeed, as important as the number 
of active sites. Several studies have shown that a control of the hydrophobicity of 
the surface is necessary to optimize the adsorption of reactants and products 
This is particularly true in the case of olefin epoxidation, where the epoxide has a 
higher polarity than the olefin reactant. As pointed out by Corma et al.^^^ the pres- 
ence of silanol and Ti-OH groups allows the favored adsorption of the epoxide on 
the hydroxylated surface. This leads to ring opening of the epoxide and formation 
of diols. Diols are known to strongly adsorb on the titanium sites and, thus, deac- 
tivate the catalyst. As a solution, one can increase the catalysts surface hydropho- 
bicity to diminish the catalysts poisoning by reducing the formation of the diols. 
The increase of hydrophobicity could also, depending on the system, improve the 
access of the olefin to the active sites or reduce the inhibitory effect of water. 

Such routes were shown to be successful for the epoxidation of cyclohexene 
with TBHP, with improved catalytic activity Ti-MCM-41 materials were cre- 
ated in a more hydrophobic form by methylating silicon centers. They are highly 
stable and present high activity and selectivity for the epoxidation of olefins using 
organic peroxides*^. Despite the fact that Ti-MCM-41 was found to be almost 
inactive in the epoxidation of propylene with aqueous hydrogen peroxide‘^^ Ti- 
MCM-41 and Ti-MCM-48, have been successfully modified by trimethylsilylation 
to exhibit enhanced catalytic activity in the oxidation of alkenes and alkanes with 
H202^^^ An effective method for trimethylsylilation of micro- and mesoporous ti- 
tanosilicates using [N,0-bis(trimethylsilyl)trifluoroacetamide], renders Ti-MCM- 
41 and Si02/Ti02 aerogels active for olefin epoxidation with aqueous H202’^^ 

Recently, Bhaumik et al.’^* synthesized organically modified Ti-rich Ti-MCM- 
41 with Si:Ti molar ratios from 33.6 to 53 to produce efficient catalysts in epoxi- 
dation and oxidative cyclization using TBHP. Methyl-, vinyl-, allyl-, chloropro- 
pyl-, pentyl, and phenyl- modified materials were obtained. The authors showed 
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that the efficiency of Ti incorporation is higher when organosilane is used as Si 
source in conjunction with TEOS. The highest Ti incorporation was achieved 
when 3 -chloropropy 1-modification was used, with larger pores and high surface 
area (1218 mVg). The more hydrophobic materials exhibited high activity in 
catalytic epoxidation of unsaturated alcohols followed by cyclization to cyclic 
ethers. The oxidation activity increased extremely when TBHP was used instead 
of aqueous H 2 O 2 . A recent study showed that modifications of Ti-MCM-41 by 3- 
chloropropyl-groups and methyl-groups generated efficient catalysts for epoxida- 
tion of cyclododecene. The modifications were performed simultaneously on. the 
same .Si atom to achieve materials with higher surface hydrophobicity and very 
high surface area (>1400 mVg. Due to the problems with surface area analysis, 
this value should be considered with care)*^^ 

In an attempt to modify catalytic performance, the simultaneous incorporation 
of trivalent metal cations with Ti"^"^ led to bifunctional catalysts. This method en- 
ables fine tuning the acidity and the nature of the active sites. Bifunctional Ti- 
mesoporous molecular sieves containing different trivalent ions, e.g. B^^, or 
Fe^^, were tested and were found to be active in epoxidation of bulky olefins such 
as alpha-pinene and highly selective in diol formation*^^ 

By changing the nature of the incorporated metal, several other redox catalysts 
were achieved. These systems, however, appear to be less studied and have infe- 
rior catalytic performance. Gontier and Tuel were able to overcome diffusion 
limitations, that occur when using conventional catalysts like TS-1 or ZSM-48, by 
characterizing the activity of titanium and vanadium substituted MCM-41 in the 
liquid-phase oxidation of aniline’^’. V-HMS was shown to be active in selectively 
converting aniline to nitrobenzene in presence of TBHP only. V-MCM-41 was 
also investigated for the partial oxidation of cyclododecane and 1-naphthol with 
H 2 O 2 as an oxidant and proved to be highly active and selective'^l 

Ti, V, Cr, Mn, Fe and Co containing MCM-41 were active as catalysts for the 
liquid phase oxidation of cyclohexane with aqueous H 2 O 2 or tert-butyl hydroper- 
oxide'll Ti-, V-, Cr-, Mo- and Mn-substituted MCM-41 and HMS materials were 
prepared via an electrostatic and neutral templating pathway, respectively, and 
were found to be active in the peroxide hydroxylation of benzene'll For the selec- 
tive peroxide oxidation of styrene and methyl methacrylate to benzaldehyde and 
methyl pyruvate, Ti-, V- and Cr substituted MCM-48 were successfully used'^l 
Mo-incorporated MCM-41 materials, prepared by direct hydrothermal synthesis, 
were found to be stable and active for cyclohexanol and cyclohexane oxidation re- 
actions with H 2 O 2 as oxidant'll Cho et al. provided recently a study on several 
Mo containing MCM-41 catalysts with various Si:Mo ratios. They characterized 
the catalysts containing Mo incorporated in the silica framework by standard tech- 
niques (XRD, N 2 -sorption, ESR, FTIR and UV-vis analyses). The catalytic per- 
formance was investigated in the propylene oxidation for producing acrolein (at 
conversions of propylene 0.9%-4.2%). Mo-MCM-41 showed a higher selectivity 
than pure Si-MCM-41. The highest selectivity to oxygenated products was 
achieved with hexagonally structured materials having Si:Mo = 20 (initial ratio). 
The authors suggest, on the basis of ESR measurements, that Mo^"^ species are the 
ones included in the hexagonal MCM-41 framework and could be the active site 
of these catalysts. Higashimoto et al.'^* synthesized Mo-MCM-41 using TEOS, 
(NH4 )^Mo 2024.4H20 and CTAB as starting materials. UV-irradiation of the Mo- 
MCM-41 in presence of NO led to the evolution of N 2 , N 2 O and NO 2 . When the 
photocatalytic reaction is carried out in the presence of propane, high efficiency is 
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observed, leading also to the formation of propylene and oxygen containing com- 
pounds (CH3COCH3 and CO 2 ). W-MCM-41, synthesized in situ in acidic medium 
with ammonium tungstate as precursor, was found to be more active than the con- 
ventional WO 3 catalyst with respect to the hydroxy lation of cyclohexene using 
H 2 O 2 as oxidant‘^^ Tungsten-containing MCM-41 showed high activity in hydro- 
gen peroxide hydroxylation of cyclohexene in acetic acid**^ Mn-MCM-41, pre- 
pared by the template ion exchange method, has a higher activity for the catalytic 
epoxidation of aromatic olefins than Mn-Si 02 and Mn-Al 203 , prepared by con- 
ventional impregnation methods, or Mn-ZSM-5 prepared by an ion exchange 
method^^\ Even olefins with bulky substituents such as 4-tert-butylphenyl and 2- 
naphthyl could be processed. Cr-containing MCM-41 was prepared by introduc- 
tion of chromium chloride during gel-preparation for the hydrothermal synthesis. 
Cr-MCM-41 was very active for benzylic oxidation of alkylarenes to the corre- 
sponding carbonyl compounds with Cr-MCM-48, prepared by similar 

means, was very efficient in the oxidative destruction of trichloroethylene, which 
is a typical chlorinated volatile organic compound (CVOC)’^^ 

Fu et al.^^"^ synthesized copper substituted mesoporous silica, denoted Cu-HMS, 
using dodecylamine as template. They showed that this material has relatively 
high activity for the hydroxylation of phenol using H 2 O 2 in aqueous solution 
(38.7% max. phenol conversion and selectivity for dihydroxybenzene isomers 
reaching 95%). The liquid-phase oxygenation of benzene to phenol over Cu- 
MCM-41, synthesized by impregnation and by ion exchange, was studied using 
molecular oxygen as an oxidant and ascorbic acid as a reducing reagent for the Cu 
species'^^ Cu-MCM-41 catalysts were more active than the corresponding Cu 
catalysts supported on Si 02 , Ti 02 , MgO, Na-ZSM-5, Na-Y, or K-L zeolites. 

As last examples of catalyzed oxidation reactions, it has been shown, based on 
the photocatalytic properties of silica, that FSM-16 can catalyze metathesis reac- 
tions of propene by photoirradation and propene photooxidation with gaseous 
oxygen. In both cases, much higher activity than for amorphous silica was ob- 
served^^^’*^\ 

Finally, it should be mentioned that mesoporous materials have found some ap- 
plications as reduction catalysts. For instance, Ti-MCM-41 and Ti-MCM-48 pre- 
pared by a hydrothermal synthesis exhibited high photocatalytic reactivity for the 
reduction of CO 2 with H 2 O at 328 K to produce CH^ and CH 3 OH in the gas 
phase^*^ Pt and tungstophosphoric acid supported on MCM-41 type materials 
showed a pronounced increase in the activity during the catalytic reduction of NO^ 
with propene in the presence of water vapor’^^ Aluminum alkoxide moieties were 
grafted onto purely siliceous mesoporous MCM-41 via siloxide linkages, produc- 
ing materials which reveal enhanced catalytic activity in the MPV reduction of cy- 
clic ketones*^^ And, Fe^"^ exchanged mesoporous Al-HMS and Al-MCM-41 cata- 
lyze the selective reduction of NO with NH 3 *^\ 

4.1.3 Polymerisation Catalysis 

Many reasearch groups focused on applications for the mesoporous systems in 
polymerisation chemistry*^^ Sn-HMS was shown to yield higher conversion for 
the lactide ring-opening polymerisation than tin-doped silica and pure tin oxide‘^^ 
Poly(L-lactic acid) (PLA) was produced with a polydispersity near 1. Compared to 
homogeneous catalysts, the average molecular weight and polydispersity of the 
polymers was improved. Polymerisation of lactones such as delta-valerolactone 
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and epsilon-caprolactone with protic compounds proceeded in the presence of Al- 
MCM-41 to give polyesters with a narrow molecular weight distribution A 
sequential two-stage polymerisation of both lactones with Al-MCM-41 in butanol 
gave a block copolymer. 

Free radical polymerisation of methyl methacrylate within the uniform channels 
of MCM-41 proceeds at 100°C to give a high molecular weight polymer^^^ 
Al-MCM-41 was found to be active in the degradation of high density polyethyl- 
ene at a rate similar to that observed over H-ZSM-5 catalyst. This reaction is in- 
teresting with regard to the selective recovery of useful chemical fractions'^^ 

Efficient polymerisation catalysts can also be generated by supporting Ziegler 
catalysts or single size polymerisation catalysts on the surface of ordered meso- 
porous oxides. MCM-41 has, thus, been grafted with methylalumoxane, to obtain 
a support for Ziegler polymerisation catalysts’^* The molecular weight and the 
physical properties of the polymers are influenced by the support’^^ Van 
Looveren et al.^’” also hydrolyzed trimethylaluminum in situ to anchor alumoxane 
on the pore walls of MCM-41 in order to avoid clustering of the alumoxane that 
was observed in the case of physisorption. A remarkable reaction was reported to 
lead to polymers with unusual properties: Crystalline polyethylene fibers with a 
diameter of 30 - 50 nm were formed by the polymerisation of ethylene with 
titanocene supported on mesoporous silica-fiber and MAO as a cocatalyst. The 
mesoporous silica fibers with mesopores arranged in a parallel direction to the 
fiber axis act as nano-extruders in this template-assisted extrusion 
polymerisations’ll However, in most of the fibers the pores are not oriented parallel 
to the fiber axis which sheds some doubt on the proposed mechanismS^l 
Chromium acetylacetonate [Cr(acac) 3 ] complexes have been grafted onto the 
surface of Al-MCM-41, yielding materials that were found to be active for the 
polymerisation of ethyleneS”"’. 



4.2 Support Applications 

Ordered mesoporous oxides have been used as supports for metals, metal oxides 
and as a substrate for grafting catalytically active species. Such uses will be cov- 
ered in this part. However, bifunctional catalysts, as used in HDS and HDN, or 
grafted catalysts for polymerisation have already been mentioned in the previous 
sections and will therefore not be discussed here. 

4.2.1 Support for Metals and Metal Oxides 

One of the most important properties of ordered mesoporous oxides is their ex- 
ceptionally high surface area. This can be exploited to highly disperse active spe- 
cies on interacting and non-interacting support materials. Several pathways for 
depositing the active compound on the mesoporous support are available. In order 
to prepare supported metal and metaloxide catalysts, even simple routes such as 
incipient wetness impregnation can be chosen. Since for many materials the pri- 
mary particle size is very low and the pores thus short, pore blockage is not an im- 
portant issue up to relatively high loadings. Furthermore, the mesoporous materi- 
als have an additional advantage in that they can stabilize the metal and metal- 
oxide particles inside the pores. 
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Pd-MCM-41, synthesized by the incipient wetness method with 
[Pd(NH3)J(N03)2 as a precursor, was used for the hydrogenation of 1-hexene^®^ 
and crotonaldehyde^^. In case of the hydrogenation of crotonaldehyde, also ion ex- 
change with [Pd(NH3)JCl2 as a precursor and direct incorporation of Pd during the 
synthesis utilizing [Pd(NH3)4]Cl2 and Pd(acac) were performed. Another approach 
is the introduction of palladium species, such as [CpPd(rj^-C3H5)], via the vapor 
phase^°\ After reduction under hydrogen, this catalyst showed higher activity in a 
variety of Heck reactions than other heterogeneous Heck catalysts and even some 
homogeneous catalysts. Au nanoparticles, deposited on MCM-41 by chemical 
vapor deposition of dimethyl gold acetylacetonate, exhibit high catalytic activities 
for the oxidation of CO and of H2, below and above 273K, respectively^^^ Metal 
clusters like Pd^^j and AU55, stabilized by hydrophobic ligands, have been used as 
precursors in the in situ synthesis of MCM-41 Both surfactant and ligands can 
be removed by calcination, resulting in highly dispersed metal clusters on the 
inner and outer surface. Pt-MCM-41, synthesized via the incipient wetness 
technique with hexachloroplatinic acid as a precursor, showed high activity in the 
hydrogenation of naphthalene, however, higher turnover frequencies were ob- 
tained for Pt-USY^’^ As compared with other supports, Pt-MCM-41 was also 
found to provide the highest specific NO reduction rates in the selective catalytic 
reduction of NO by hydrocarbons in the presence of 02 ^' [Pt(CO)j/ and 
[Pt(CO)j/ were synthesized in the hexagonal channels of FSM-16 and Zr02- 
modified FSM-16 by reductive carbonylation of H2PtCl^ with CO and The 

controlled removal of CO by thermal evacuation yielded highly dispersed Pt clus- 
ters^‘l Dependant on the temperature, [Pt(CO)j5^' decomposed to Pt-15 clusters or 
naked Pt. Both showed marked catalytic activities for hydrogenation of ethene and 
1,3-butadiene at 300 K. Whereas the latter is selectively hydrogenated to 1-butene 
on the partially decarbonylated Pt carbonyl clusters, it is preferentially converted 
to n-butane on the naked Pt particles. Via thermal decomposition of [Ru^C(CO), 
or [H2 RUjo(CO) 25]^ that were incorporated into MCM-41 from solution, 
nanoparticles of ruthenium were obtained, showing good activity as hydrogenation 
catalysts for hexene and cyclooctene^’'^. Al-MCM-41, ion exchanged with 
Rh(N03)3, leads to a Rh(I)- Al-MCM-41 catalyst suitable for a selective catalytic 
reduction (SCR). It shows a high.lpw temperature activity in converting NO to N2 
and N2O with C3H^ in the presence of excess oxygen^‘^ High-performance Ru- 
Cu^'^ and Ag-Ru^’^ bimetallic nanoparticle catalysts were produced from their 
metal-cluster carbonylates, anchored inside MCM-41, by gentle thermolysis. The 
Ru-Cu nanoparticles were successfully tested in several catalytic hydrogenation 
reactions. The catalytic properties of Pt, Rh and Co supported on MCM-41 and 
hexagonal AI2O3 were studied for the reduction of NO with propene. The samples 
were prepared by incipient wetness impregnation utilizing Rh(N03)3, Co(N03)3 
and PtCl4. Pt-MCM-41 was the most active catalyst and showed in contrast to Rh- 
and Co-containing catalysts a minor decrease in the activity when water vapor was 
added to the reactant gas mixture, whereas Pt supported on mesoporous AI2O3 and 
Rh supported on MCM-41 as well as mesoporous AI2O3 gave an improved 
selectivity towards N2. The activity of Fe-MCM-41 as a catalyst for sulfur dioxide 
oxidation in highly concentrated gases was found to be much higher than that 
observed for an industrial iron reference catalyst, as shown in Figure 6. The cata- 
lysts were remarkably stable at temperatures up to 750 °C, and are therefore 
promising for the conversion of highly concentrated gases. Highly concentrated 
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gases mean high reaction temperatures and can thus not be processed by 
conventional vanadium based catalysts due to thermal breakdown^^*. 




Fig. 6: SO 2 conversion vs T for Fe-MCM-41 catalysts (prepared by incipient wetness 
impregnation A, solid state impregnation ♦, and in situ synthesis ■) as compared to a 
VI 605 Fe-reference • and a V4-111 V-reference x. The connecting lines are just a guide 
for the eyes. The dotted line shows the equilibrium conversion. 



Ru, supported on mesoporous sulfated zirconia by incipient wetness impregna- 
tion with RUCI 3 SH^O solutions, was significantly more active for the liquid phase 
hydrogenation of n-Cj 2 H 35 CN than Ru supported on microporous sulfated zirco- 
nia^‘^ Both catalysts show a good stability and a high selectivity towards forma- 
tion of the primary amine. Mesoporous aluminosilicate, ion-exchanged with 
ZnCl 2 , has been found to be more effective in the Diels-Alder reaction between 
cyclopentadiene and dienophiles, such as methyl acrylate and methyl methacry- 
late, than a catalyst with irregular pore structure and broad mesopore size distri- 
bution^^^. The oligomerisation of olefins was carried out over chromia loaded 
MCM-41, treated with carbon monoxide to reduce the chromium prior to cataly- 
and over nickel impregnated MCM-41^^1 Over the former catalyst the 
oligomerisation of 1 -decene results in a wide variety of lubricants with viscosities 
higher than that obtained over chromia on silica. The nickel impregnated MCM-41 
showed high activity and selectivity for the formation of trimers and tetramers of 
propylene. Furthermore, the degree of branching could be controlled via variations 
in the synthesis conditions. Isolated Mo(VI) active sites have been grafted onto the 
inner surfaces of MCM-41 via a molybdocene dichloride precursor^^^ After cal- 
cination, at low Mo loadings, isolated MoO^ species are generated on the surface, 
whereas at higher loadings there is some evidence for the formation of polymeric 
oxo-molybdenum species. The lower Mo loading leads to a higher selectivity for 
the production of formaldehyde in the oxidative dehydrogenation of methanol. 
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Recently, Choudhary et compared the catalytic activity of amphoteric and 
basic metal oxides supported on Si-MCM-41, silica-alumina, y-alumina, ZtO^ or 
zeolites. They showed that Ga 203 (amphoteric) and In 203 (basic) supported on Si- 
MCM-41 have a very high activity for Friedel-Craft type benzene benzylation and 
acylation of aromatic compounds, even in the presence of moisture. The authors 
indicated in this work that the support acidity does not play a significant role in 
the benzylation reaction over these catalysts. As these metaloxides are supported 
on mesopores solids, the catalysts can be used for reaction with large aromatic 
compounds and since they are poorly acidic or basic, these catalysts are suitable 
for reactions with acid-sensitive organic compounds. 

Stable basic catalysts have been prepared by wet or solid-state impregnation of 
MCM-41 with cesium acetate and lanthanum nitrate followed by thermal decom- 
position^^^ This CsLa-oxide/MCM-41 system catalyzes the liquid-phase Michael 
addition of ethyl cyanoacetate to ethyl acrylate and the Knoevenagel addition of 
enolates to benzaldehyde in aqueous media. 

Wong et al.^^^ studied recently the morphological effect of MCM-41 on the 
catalytic performance. In this direction, they reported various syntheses and the 
characterization of transition metal oxide catalysts supported on tubular MCM-41. 
They tested the catalytic performance of several molybdenum oxide catalysts for 
ethylbenzene dehydrogenation and showed that Mo supported on tubular MCM- 
41, synthesized by physical mixture, presents a higher activity (3.07 10^ mol/h g 
after 24 h) than Mo supported on MCM-41 with an usual particulate morphology 
(2.6 10^ mol/h g) and has the lowest decay rate. The high porosity of the tubular 
MCM-41 and the presence of defects are believed to be responsible for the better 
catalytic performances, by improving the inter-channel diffusion of reactants and 
products. 

Various metal elements were further grafted onto siliceous frameworks with 
different structures, such as MCM-41, MCM-48, SBA-1 and disordered mesopor- 
ous materials, using non-aqueous solutions of AICI3, AI(N03)3, SnCl 2 , Zn(02CMe)2 
and Mn(02CMe)2^^^ Also, strong Brpnsted basic sites could be introduced into the 
MCM-41 structure by anchoring 3-trimethoxysilylpropyl (trimethyl) ammonium 
on the surface and exchanging with hydroxide. The resulting strong solid base 
catalyst is a useful alternative to soluble bases in reactions such as Knoevenagel 
condensations, Michael additions and aldol condensations because of the high 
catalytic activity under mild conditions and the good stability 

4.2.2 Support for Organometallic Complexes 

Due to the pore size of mesoporous materials even the grafting of complete metal 
complexes and organometallic moieties is possible, enabling the formation of 
shape-selective catalysts with a large concentration of accessible and well spaced 
active sites. Species known to be active in homogeneous catalysis can, thus, be 
used, utilizing the advantages of heterogeneous catalysis. 

Usually, complexes are anchored to the mesoporous support via silylation of 
silanol groups, so that the support and active component are covalently linked via 
an organic spacer. In this way leaching of the complexes is overcome. 

The fixation of organometallic complexes of titanium^^^ vanadium^^^ and 
manganese^^* on the walls of MCM-41 followed by removal of the ligands has 
turned out to be a good method to obtain highly dispersed metal oxide. In the case 
of titanium, for instance, solutions of [Cp 2 TiCl 2 ] in the presence of NEt 3 have been 
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used. Most of the time, however, the complexes are maintained. One example for 
a ship-in-the-bottle synthesis is the immobilization of ruthenium perfluorophthalo- 
cyanine complexes in the channels of MCM-41^^1 The carbonyl ligands of ruthe- 
nium carbonyl are replaced by phthalocyanine ligands via reaction with tetra- 
fluorophthalocyanine. In situ incorporation of the preformed complex during the 
synthesis and grafting of the complex to the functionalized surface were per- 
formed as well. The resultant catalysts were tested for the oxidation of n-hexane 
and cyclohexane in the liquid phase under ambient conditions. In general, the ac- 
tivity of the catalysts was very low, however, the catalyst prepared by the ship-in- 
the-bottle route showed high turnover frequencies, which are one order of magni- 
tude higher than that of the free complex in homogeneous solution and they are 
regenerable by simple extraction methods. [Fe{(ri-C 5 H 4 ) 2 SiMe 2 }] was fixed inside 
the pores of MCM-41 via ring opening in the ferrocenophane structure^^^ MCM- 
41 ion-exchanged with [Fe(phenanthroline) 3 ]Cl 2 or [Fe( 8 -quinolinol) 3 ]Cl 2 ^^^ 
showed high activity in phenol hydroxylation with H 2 O 2 . In case of 
[Fe(phenanthroline) 3 ]Cl 2 leaching could be overcome by anchoring the complex 
with an organic linker. Also MCM-41 grafted with [Co 3 (p 3 - 0 )(OAc) 5 (p 2 - 
OH)(py) 3 ]PFg was stable against leaching when previously modified with 3-bro- 
mopropyltrichlorsilane and glycine to substitute hydroxyl with carboxylic acid 
groups^^^ The resultant catalyst was used for the oxidation of cyclohexane. This 
functionalized MCM-41 showed conversions up to 38% after 4 days of reaction 
with a selectivity reaching 95 % towards cyclohexanone and cyclohexanol (TOF 
after 4 days: 216 h), TOF max after 4 h: 352 J(mol,„x 

h)). These values are substantially superior to that recorded when non-func- 
tionalized MCM-41 is used as catalyst. It is believed that the better life time, 
activity and selectivity observed are caused by a better isolation of the active cen- 
ters via the functionalized surface. Cobalt(II) complexes have also been immobi- 
lized on MCM-41 by functionalizing the surface of MCM-41 with alkoxysilyl 
compounds with donor amine groups for the complexation of cobalt(II), which 
was introduced via CoCl 2 ^^^ A ruthenium porphyrin complex was anchored on 
MCM-41 modified with (3 -aminopropyl)triethoxy silane. It was shown to result 
not only in high activity in the oxidation of olefins, but even in a high selectivity 
towards trans-stilbene oxide in the oxidation of cis-stilbene^^l Ion-exchange of Al- 
MCM-41 with [Mn(bpy) 2 ]N 03 led to a catalyst exhibiting higher activity for the 
oxidation of styrene than the corresponding homogeneous catalyst^^^ 

Several different epoxidation catalysts have been synthesized based on grafted 
metal complexes, especially for stereoselective reactions. An epoxidation Mn(III) 
Shiff-base complex was attached to MCM-41 by first functionalizing the surface 
with (MeO) 3 Si(CH 2 ) 3 Cl, then treating the MCM-41 with an excess of 
bis-3-(3,5-di-t^r?-butylsalicylidenaminopropyl) amine (pentadentate ligand)^'^^ The 
introduction of metal atoms was achieved via a solution of [Mn”(acetylacetone) 2 ] 
in methanol, followed by oxidation of the resultant complex to yield Mn“\ Up to 
now, no catalytic data are available. Another epoxidation catalyst was synthesized 
by anchoring 1,4,7-triazacyclononane on MCM-41 modified with (3-gly- 
cidyloxypropyl)trimethoxy silane. The reaction takes place via oxirane ring ope- 
ning and is followed by doping with MnS 04 H 20 ^'^’. Manganese (III) 3-[A,A’-bis- 
3-salicyldenamino propylamine] (“Salpr”) and 3-[N,N'-bis-3-(3,5-di-tert-hu- 
tylsalicyldenamino) propylamine] (‘‘tSalpr”) complexes linked to the MCM-41 
surface catalyzed styrene epoxidation. Al-MCM-41, ion exchanged with 
Mn(OAc )2 and subsequently modified with a chiral salen, (R,R)-(-)-N,N'-bis(3,5- 




310 A. Wingen, F. Kleitz and F. Schiith 



di-r^rr-butylsalicylidene)-l,2-cyclohexadiamine, is an effective enantioselective 
solid epoxidation catalyst for cis-stilbene^^^ Chiral Mn(salen) complexes 
immobilized on MCM-41 by either ion exchange with (Mn-salen)^PF^ or ion ex- 
change with Mn(OAc)2 followed by calcination and subsequent mixing with the 
chiral ligand were stable during the asymmetric epoxidation of styrene without 
any leaching and exhibited relatively high enantioselectivity as compared with 
homogeneous complexes''ll Solid-phase immobilization of 
[{(c-C,H„),Si,0„}Ti(Ti^-QH 5)] on MCM-41 was achieved after the support was 
pretreated with SiCl2Ph2 or SiCl2(CH3)2. The catalyst was successfully tested in the 
epoxidation of cyclooctene with tert-butylhydroperoxide^'^'^. Significant effects on 
catalytic activity in the epoxidation of cyclohexene with alkyl hydroperoxides are 
observed when the surface of MCM-41 is modified with either Ge(IV) or Sn(IV) 
prior to the grafting of TiCp2Cl2^'^l 

Dichlorobis(benzylcyano)palladium(II) grafted on MCM-41 pretreated with 
3-triethoxysilylpropyl amine was used in the reduction of aromatic nitro com- 
pounds to the corresponding amino compounds^"^^ and for the hydrodehalogenation 
of 1-bromonaphthalene by molecular hydrogens'll 

The acid-base catalysis over unmodified mesoporous oxides has been addressed 
in a previous section (4.1.1). However, it is possible to improve acid-base proper- 
ties by grafting suitable species on the oxide surface. 

Functionalization of MCM-41 to yield basic catalysts was achieved by silana- 
tion with either 3-amino-propyl alkoxysilane or 3-halogeno-propyl alkoxysilane 
followed by halogen substitution by piperidine, tetraalkyl guanidine, (-)-ephed- 
rine, Salpr and tSalpr^^^l The primary and tertiary amine functions were efficient 
immobilized catalysts for Knoevenagel condensations and the selective mono- 
glyceride synthesis. l,5,7-triazabicyclo[4.4.0]dec-5-ene was an efficient base cata- 
lyst for performing transesterification reaction. High activity and regioselectivity 
was found when MCM-41 functionalized with (-OSi)3Si(CH2)3NH2 or the 
corresponding 3-piperidinopropyl moiety was used as a catalyst for the glycidol 
ring-opening with fatty acids under mild conditions''ll 

Van Bekkum and coworkers developed in 1996 the first heteropoly acids 
H3PW12O40 supported on MCM-41 molecular sieves^^^. MCM-41 was impregnated 
with phosphotungstic acid H3 PWj 204 q and tested in catalytic conversions^^ I In 
n-butane conversion, isobutane was obtained with a selectivity substantially higher 
than that achieved over ZSM-5. For the conversion of n-hexane, the selectivity 
was comparable to that over Pt-MCM-41, however, the activity was higher. For 
comparison, 12-tungstophosphoric acid has been supported on a commercial sili- 
ca, a high surface area amorphous aluminosilicate and on an all-silica mesoporous 
MCM-41 ^^l A maximum in activity in the alkylation of 2-butene with isobutane, a 
high selectivity to trimethylpentane and stability with time-on-stream was found 
for the commercial silica, despite the higher acid dispersions achieved with the 
high surface area MCM-41 and amorphous aluminosilicate supports. Supporting 
the heteropolyacid species H3PW,204 q on HMS resulted in a catalyst highly active 
in the methanol conversion, which is a bulk-type reaction, and in the n-butane 
isomerisation, a surface-type reaction^^l H3PWJ2O40 and H4SiW,204o further proved 
to be active catalysts in the liquid-phase esterification of 1 -propanol and hexanoic 
acid, and in the gas-phase esterification of acetic acid and 1-butanol^^l When 
subjected to the esterification conditions, however, the catalysts have the tendency 
to form large heteropolyacid clusters on the external surface of the supporting 
material, and when re-used after one reaction cycle, the activity decreases sig- 
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nificantly. In a recent work, Jentys et al.^^^ studied the catalytic activity of Pt and 
tungstophosphoric acid supported on MCM-41 for the reduction of NO^ with 
propene in the presence of water vapor. Pt/MCM-41 was the most active catalyst, 
but loading of Pt/MCM-41 with H 3 PW, 204 q led to an increase in the selectivity 
towards N 2 , and to an enhanced activity in the presence of water vapor, which is 
opposite to most of the catalysts reported^^^. This study shows that it is possible to 
develop new catalysts by achieving high loading of the MCM-41 large pores with 
metallic and acidic clusters, without great limitations of the accessibility of these 
sites. 

Van Rhijn et al. prepared acid catalysts by anchoring 3-mercaptopropyltrimeth- 
oxy silane on MCM-41 and HMS, followed by a mild oxidation and acidification 
to obtain covalently attached alkylsulfonic acid groups^^^ 

[M{N(SiHMe 2 ) 2 } 3 (THF)J (M = Sc, Y, La, Al) was grafted onto MCM-41, 
generating stable metal siloxide linkages. Subsequent surface-confined ligand ex- 
change with Hfod (fod=l,l,l,2,2,3,3-heptafluoro-7,7-dimethyl-4,6-octanedionate) 
yields materials with promising activity in the catalytic hetero Diels-Alder cycli- 
zation of trans-l-methoxy-3-trimethylsilyloxy- 1,3 -butadiene and benzaldehyde^^l 
The performance of the immobilized catalyst species was found to be superior to 
known homogeneous systems, and to materials obtained from the reaction of 
[Ln(fod) 3 ] with the dehydrated MCM-41, particularly in its deactivation behavior 
and reusability. After grafting of 3-chloro- or 3-iodopropyltrialkoxysilane 
mesoporous templated silicas were linked to chiral ephedrine, used as heterogene- 
ous chiral auxiliaries. Promising results are obtained in the enantioselective alky- 
lation of benzaldehyde by diethylzinc^^^ with enantiomeric excess up to 38-41% in 
the best cases. Finally, nitroalkenes are synthesized in a one-pot liquid-phase 
procedure from carbonyl compounds and nitroalkanes using (- 
OSi),(CH,) 3 NH(CH,),NH, anchored on MCM-4l"“. 



5. Conclusions 

We have shown here the wide range of possibilities that could be offered by or- 
dered mesoporous materials. The great diversity of synthesis pathways allows 
control over morphology, structure and pore size, and further enables the produc- 
tion of materials designed for specific applications. Furthermore, the understand- 
ing of the formation of such materials is crucial. External (time, temperature, pres- 
sure) and internal parameters (co-solvents effects, pH variations, modifiers or dyes 
added) play important roles in materials syntheses and must be characterized. 
However, a high level of understanding regarding the formation and the control of 
material properties has already been achieved. 

Research applications in heterogeneous catalysis are numerous and ordered 
materials show many interesting features in terms of activity and selectivity com- 
pared with zeolites, amorphous silica-alumina, or other types of inorganic cata- 
lysts or catalysts supports. Still, it must be stated that in a number of the publica- 
tions available no suitable benchmark, such as amorphous high surface area silica 
or alumosilicate, has been used and the data presented are often difficult to judge. 
However, a wide range of reactions were tested, ranging from fine chemicals pro- 
duction to petrochemical catalysis, and generally, MCM-41 -type compounds gave 
promising results. The major advantages of the mesoporous materials are their 
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high surface area and their pore size in the mesopore range, allowing diffusing of 
bulky molecules. These essential qualities are combined with tunable acid/base, 
redox and hydrophobic/hydrophilic properties of the porous environment, provid- 
ing novel catalytic centers and a wide range of new opportunities. Moreover, 
MCM-41 and other members of this family have been demonstrated as good sup- 
ports for metals or anchored organometallic complexes with a good activity and 
selectivity in various reactions. The sharp pore size distribution and the regular 
pore system, on the other hand, seem to be less important for most catalytic appli- 
cations discussed. 

Especially interesting, although used to a much lesser extent, seem to be or- 
dered transition metal mesoporous oxides. Other than for silica, for such materials 
alternative synthesis routes resulting in very high surface areas are often not avail- 
able. However, they are up to now still poorly investigated, and the metal 
mesoporous oxides still remain problematic with regard to their thermal and 
hydrothermal stability. Work to further improve the materials is in progress, and 
new applications in catalysis are currently being explored, mainly for titanium and 
zirconium oxides^^*. It is anticipated that transition metal mesoporous oxides 
should develop into future commercial catalysts. 

Reactions such as hydrocarbon cracking or olefin epoxidation have been exten- 
sively investigated. However, the mesoporous materials still present some limita- 
tions, such as their low hydrothermal stability and their relatively high costs, 
which makes it difficult to replace the established materials. There are still major 
improvements to be made in the development of mesoporous materials before they 
can be used as catalysts in commercial processes. Nevertheless, it is anticipated, 
that ordered mesoporous oxides, whether they are silicas, substituted silicas or 
transition metal oxides, will become one of the standard materials the catalysis 
chemist can resort to when a novel catalyst or support is needed. 
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Abstract. In situ methods are considered as a curiosity within the standard methodology of 
practical catalyst characterisation. The methods are not commercially available and need to 
be adapted and validated for each specific problem. The great advantage of these methods 
is, however, that they deliver immediately relevant characteristics of the working state of a 
heterogeneous catalyst and allow justified structure-function relations to be deduced. To 
achieve this it is essential that the experiments are planned and conducted in such a way 
that the proven to be active state of the catalyst is investigated. This can only be ascertained 
if simultaneous kinetic and spectroscopic data are acquired. The contribution lists a 
selection of methods with their main characteristics that allows to choose from the wide 
spectrum of information those that are most relevant for the given problem. A tabulated 
selection of case studies from the literature gives some insight in the current practice. 



1. Introduction 

1.1 Catalyst Characterisation 

The characterisation of heterogeneous catalysts is still a major challenge to 
physical chemistry despite the enormous progress in this area and the large arsenal 
of methods that are available for this purpose. The challenge resides in the 
identification of analytical characteristics that are directly related to the function 
of a catalytic material. 

The typical situation is the characterisation of a prepared catalyst by the 
standard suite of methods that are powder X-ray diffraction, BET surface analysis 
and SEM/EDX or elemental analytical techniques. These data are all obtained 
usually from the fresh parent material stored in air or activated under non-reacting 
conditions (e.g. “in-situ” reduced) and are then empirically related to the catalytic 
function. Heuristic arguments such as “structure sensitivity” “particle size effects” 
“metal support interactions” or others are derived form these correlations allowing 
to justify the choice of catalytic materials or specific preparation conditions. 
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Unfortunately, these arguments are not based on physically traceable and 
theoretically founded correlations nor do these correlations take into account the 
solid state and surface dynamics of well-active catalytic materials. So it is little 
surprise that the transferability of the heuristic rules and their predictive power are 
rather limited and do often not even apply to sets of materials of the nominal same 
composition but prepared under different conditions or by different persons. 

The general disappointment of the seemingly poor ratio between analytical 
effort and functional value of physical characterisation of catalysts has led to 
critical assessments of the role of characterisation in catalyst development efforts 
in general and to the development of high throughput testing procedures that 
promise to solve problems without all the analytical “overhead”. 

For the case of “in-situ” analysis the general view that this methodology is of 
insignificant value to practical problems holds the more as the technical effort is 
very significantly larger than for ex-situ analytics and the required equipment is 
not available commercially and hence difficult to operate and to validate. It is the 
purpose of this work to define and to justify in-situ analysis as an essential tool 
also for practical problems, to collect some literature examples in an overview and 
to introduce specific experimental requirements. For case studies the reader is 
referred to the tabulated original references. The work relates predominantly to 
heterogeneous catalysis but includes in the tabulated examples several typical 
examples from homogeneous catalysis, where “in-situ” analysis stands often for 
mechanistic considerations on the atomic level even when no-reaction is actually 
taking place during analytical assessment. 



1.2 Definition of “in-situ” Analysis 

The request for in-situ catalyst characterisation has often been made and was 
systematically expressed first in a book edited by Sir John Thomas. The definition 
there was that characterisation should be conducted of catalysts in their working 
state. This definition was often relaxed to an experiment that is done in the 
presence of a gas phase similar to the educt gas phase of an operating system. The 
conflicting requirements for chemical kinetics on one side and geometric 
requirements of the in-situ cell together with compromises in gas pressure, 
composition and reaction temperature on the other side led to wide definitions of 
“working state”. In many experiments no proof of the working state is given, it is 
simply a priory assumed that the provision of some reaction environment brings a 
catalytic material into the same active state where it is used in conventional 
reactor experiments. 

Good catalysts are, however, responding dynamically to their environment and 
occur hence in states highly specific to the testing conditions. In order to correlate 
in-situ analytical data to performance data it has thus to the ascertained that the 
differences in testing conditions exert no qualitative effect on the catalyst, or the 
conditions have to be chosen identically to technical conditions. Such conditions 
cannot be chosen, however, in most cases due to the physical boundary conditions 
imposed by the experiment. 

It should be pointed out that in-situ studies on so-called model systems are 
usually forgiving for not maintaining realistic testing conditions. The sensitivity of 
a catalyst to changes in its reaction environment is closely related to its efficiency. 
Highly effective catalysts are materials far from their equilibrium state. They 
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contain much “chemical energy” and transform easily into less reactive or diffe- 
rently active materials. Model systems prepared with the emphasis on a rigorous 
structural definition are, on the other hand, per definition equilibrium materials 
with the exception of the inevitable surface defect. Hence, their bulk is often non- 
reactive and stable to modifications of the reaction environment or the structural 
response is slow within the time window of in-situ observation. These comments 
hold both for homogeneous and for heterogeneous catalysts. 

True in-situ experiments on practical systems must thus be conducted in such a 
way that the catalytic performance is measured simultaneously with the 
spectroscopic or structural property of the experiment. Reliable in-situ experi- 
ments are performed at multiple steady states and a quantitative correlation 
between catalytic function (activity, selectivity) and spectroscopic/structural 
property is established. The preferred way of doing this should be a periodic 
modulation of the reaction conditions coupled with observation of the same 
periodicity in the spectroscopic signal. Only then it is proven that a direct and 
physically meaningful correlation exists between structure/spectral property and 
catalytic function. 



1.3 Why is in-situ Analysis Essential? 




A =-54% 
A =+46% 
A = -1% 
A =+5% 



Fig. 1.1 : Surface relaxation of single crystalline and oxygen terminated Fe 203 prepared at 1 
mbar oxygen pressure. The figures denote the deviation of the atomic layer distances from 
the expected bulk values. 



Many negative experiences with the relation of characterisation results to 
functional performance have their origin in the fact that a “non-relevant” property 
of the catalyst has been analysed that is not clearly related to the function. The 
typical example is the application of powder diffraction phase analysis in 
correlation with catalytic performance. In general, there exists a relation between 
bulk structure and surface properties that is, however, difficult to unravel as 
reconstructions that minimise the free energy tend to grossly modify the bulk 
structure in the surface-near region. In Figure 1.1 the example of an oxide system 
is shown'. It should be noted that the layer distances between the top atomic layers 
deviate in both directions from the respective bulk values by a factor of 2. It is the 
great virtue of surface science of catalytic model systems to provide such data that 
cannot otherwise be obtained As these reconstructions are usually controlled by 
the reaction variables, there exists not only no correlation between bulk and 
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surface structure but also no correlation between surface structures at different 
testing conditions (at room temperature in air versus high temperature-reacting 
atmosphere). The same governance of surface energy minimisation may mislead 
particle size effect analysis by the fact that particles under X-ray diffraction or 
TEM conditions or even in the selective chemisorption test experiment may be of 

quite different size and 
shape than under 

reaction conditions. 

In other cases the 
analytical tool may 
probe the relevant 

surface property of the 
material but the test 

conditions are so vastly 
different from the 
reaction conditions that 
a non-relevant state of 
the system is probed. 
The only moderate 
success of surface 
analysis with its arsenal 
of methods is the 
archetype example of 
this phenomenon. In 
Figure 1.2 this is 

illustrated for the 
NEXAFS spectrum of a 
(001) single crystal 
surface of M0O3 
prepared by standard 
UHV conditions and 
Relative Photon Energy (eV) annealed in-situ at 10 

mbar oxygen pressure 
and at a temperature of 

Fig. 1.2. Figure 1.2: Oxygen K-edge NEXAFS ^73 average 

spectra of single crystalline M0O3 under two different bonding state of oxygen 
oxygen partial pressures different in the two 

cases with the spectra 
indicating a substantial 

chemical reduction of the surface under UHV condition that was re-oxidised at 
moderate oxygen pressured It is obvious that two different materials are studied 
under two different partial pressures of oxygen. As for most studies the in-situ 
preparation is not accessible, these studied deal with oxygen deficient and partly 
reduced oxide surfaces although they are considered to be intact M0O3 surfaces. 
This discrepancy has serious consequences when for example bulk-sensitive 
experiments, catalytic data on nominally M0O3 samples or theoretical results are 
compared with such “faulted” data. 

The only way around these for the catalytic problem irrelevant efforts in 
describing the functional state of the material is the investigation of a given 
property proven to be related to the catalytic function under test conditions typical 
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for the practical application. This ideal request can, however, not be fulfilled in 
most cases. 

The compromise between the practical application conditions and the physical 
requirements of the analytical tool has to be made such as that the testing 
conditions are shown to deliver the same qualitative behaviour in the analytical 
mode and in the practical mode. A safe test for this is the analysis of a series of 
catalysts that show the same sequence of performance under the different testing 
condition in the in-situ cell and in a kinetically well-defined reactor. In Figure 1.3 
the example of such a comparison is shown for a series of four catalysts for the 
selective oxidation of butane to maleic anhydride. Four different samples of bulk 
vanadyl pyrophosphate (VPP) were obtained by different preparative protocols 
and exhibit different steady state catalytic performances under the same test 
conditions at atmospheric pressure of the reactants and after a sufficient time of 
continuous operation (equilibration). These materials were then tested under 
conditions required for an in-situ high pressure NEXAFS experiment that was 
performed at 2 mbar pressure at the same temperature and with same gas fed 
composition that was used in the tubular flow reactor. The kinetic conditions 
between this reactor and the in-sit cell that is a flow through reactor with a large 
dead volume and no forced flow through the sample are significantly different and 
it cannot e expected to observe the same macrokinetic behaviour. Yet it can be 
seen that the same relative sequence of productivity to maleic anhydride and hence 
the same relative selectivity can be achieved in the in-situ cell and in the 
kinetically well-defined reactor. In such a case it can be expected that the 
“chemical lock-in experiment” will be meaningful. 

The proof of the relevance of the analytical property for the function can be 
always achieved by the detection of the effect of a forced excursion from steady 
state operation on the spectroscopic property. This chemical lock-in test has to 
reproduce the temporal pattern of the kinetic perturbation in the spectral property 
under study. An illustration of this technique is shown in Figure 1.4 performed 
with the in-situ NEXAFS technique of one of the VPP catalysts used for the 
experiments in Figure 1.3. In this example the perturbation was a fast change of 
the sample temperature at constant gas flow that switched off and on again the 
production of maleic anhydride. The spectral property that follows the catalytic 
operation is the intensity of a particular resonance in the V L3 edge NEXAFS 
signal of the VPP sample. This reversible change in intensity indicates a change in 
the local electron density (partial chemical reduction) in the particular vanadium- 
oxygen bond that gives rise to that resonance^ 
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Relative Yield 1 bar (a.u.) 



Fig. 1.3. Correlation between the catalytic activity Figure 1.3: Correlation between the 
catalytic activity of four VPP catalysts at atmospheric pressure (abscissa) and in the in-situ 
cell of a NEXAFS experiment (ordinate) at 2 mbar. Test conditions were: 673 K, 02:n- 
butane 1.2% in He. 



The methodology of in-situ testing has to be adaptable to the form of the 
functional material. This means that methods only applicable to model systems 
such as planar samples or single crystals are of limited value for catalysis research 
if they cannot be brought to bear on polycrystalline “practical” catalysts. The 




Fig. 1.4 : Correlation of catalytic performance of a VPP system in butane oxidation 
to maleic anhydride (black curve m/e 99 mass spectrometric trace) with the 
NEXAFS intensity change of a V-O-V anti-bonding state. 
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corresponding adaptation has usually the consequence that part of the rigorous 
data analysis becomes uncertain or even impossible. All physicochemical methods 
require well-defined samples for results that can be interpreted to the limit of the 
theoretical understanding of the method. This rigor has to be abandoned partly for 
the benefit of obtaining information from real world systems. A multiple 
analytical approach and frequent comparison with results obtained from nominally 
similar model systems can minimise the discrepancy between the two worlds of 
analysis that prohibits to a good deal the efficient exploitation of the arsenal of 
methods for in-situ characterisation. There is -in principle- no excuses for not 
doing in-situ analysis on technical catalytic materials other than these experiments 
are intrinsically difficult. The argument of the intolerable effort for in-situ 
characterisation would found to be invalid would the wasted effort on 
characterisation of with the catalytic function unrelated properties be taken into 
account. 



2. Performing in-situ Analysis 



2.1 Choice of Methods, Work Flow 

The analytical effort for in-situ characterisation can be minimised by the choice of 
the appropriate method. The following section lists a selection of useful 
techniques. In Table 1 a compilation of methodical acronyms is given together 
with its principal characteristics as referred to surface sensitivity, probe species, 
sample requirements and principal in-situ capability. For the sake of complete 
information a selection of ex-situ techniques frequently used in characterisation 
work is included. All in-situ techniques are implicitly capable of analysing 
samples ex-situ, which is not case vice versa. The following abbreviations are 
used in the table: L=local information, I=integral information, b=bulk infor- 
mations=surface sensitive information, Ex=ex-situ method, In=in-situ method, 
D=destructive to the sample, Nd=non-destructive method, (Nd)=principally non- 
destructive but stability problems of catalyst samples under examination con- 
ditions. 

It is absolutely essential for the successful application of in-situ methods to 
know important ex-situ characteristics of a given catalyst system in order to select 
the appropriate in-situ method and more importantly to correctly define the 
conditions for the in-situ experiment. Typical information that is prerequisite is 
collected in the following “check-list”: 

1. Type of catalyst (supported, massive, nanostructured), morphology 

2. Complete chemical composition, including if possible trace elements 

3. Catalytic activity, selectivity, Arrhenius parameters 

4. Specific surface area, density, porosity 

5. Structural phase composition, crystallinity, amorphous components 

6. Thermal behaviour, thermostability, phase transitions 

7. Kinetic behaviour in the in-situ cell, effects of specimen preparation 

8. Irreversible reactions with the feed (carbon deposition, exothermic excursions 
during intentional or unintentional oxidation 
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Info 1 is essential to know about the ratio of surface-near atoms in relation to 
bulk atoms. This helps to decide how relevant for catalysis are bulk structural 
techniques and how severe complications may become with the data analysis of 
diffraction techniques having to deal with small particles and interface regions. It 
is highly advisable to have electron microscopic information both by SEM and 
TEM in order to know the textural disposition of the starting sample. It is also 
good practice to re-examine the texture after the in-situ experiment checking for 
eventual changes 

Info 2 is essential for planning the spectroscopic observations. For high- 
sensitivity experiments it is crucial to know about additives, promoters or un- 
intentional foreign elements as they can produce “spurious” signals or ruin e.g. 
EXAFS energy scans and require often a change in the energy levels to be 
observed. For magnetic resonance experiment it is also of relevance to know about 
paramagnetic impurities that can either spoil NMR observations or help the 
analysis as EPR-active centres. 

Info 3 is of central relevance as only the comparison between catalytic be- 
haviour in proper reaction environments and under the in-situ conditions allows 
concluding that the relevant state of material is being investigated. In many 
systems even the observation of some catalytic activity is not sufficient as one and 
the same reaction may proceed under different conditions with differing pathways 
and hence produce different spectroscopic signatures. As the performance in terms 
of activity and selectivity will be very difficult to obtain in identical figures in the 
two reaction environments it is important to compare the Arrhenius parameters 
and, if possible, reaction orders of key components in the feed. If these parameters 
agree reasonably one is safe to assume that the reaction is the same in normal 
operation and under in-situ conditions. 

Info 4 is important to determine how much active surface is in an in-situ cell 
and how much products or adsorbates can be expected to be analysed. Porous 
materials require in general considerations for out gassing under reduced pressure 
and for extended time profiles in observation to allow equilibration of the solid 
with the gas phase. 

Info 5 is a prerequisite to select the analysis strategy. The phase information 
should be checked after the in-situ experiment if it is not subject of analysis. The 
degree of crystallinity decides over many spectral properties and may require 
specific techniques to be applied if poor crystallinity (nanostructured) or even 
amorphous components can be of relevance for the function. This is almost always 
the case when solid-state reactivity or phase transformations occur during catalytic 
function. Knowledge about phase composition and average local co-ordinations is 
required to model EXAFS data and to define experiments sensitive to hyperfine 
coupling that is so sensitive to the local symmetry around the atomic probe. 

Info 6 refers to structural stability of the bulk and eventually present adsorbates. 
Thermoanalysis and temperature-programmed desorption techniques should 
always be applied prior to in-situ investigation. The signatures of phase 
transformations must be found in the in-situ experiment at temperatures that 
resemble the ex- situ studies. If significant deviations occur or if transformations 
occur differently from the ex-situ analysis, then important conclusions can be 
drawn about the role of in-situ reaction conditions on the stability and constitution 
of a catalyst. Detailed knowledge about thermostability of the sample is required 
as often high temperature clean-up procedures or extended ranges of reaction 
temperatures are chosen to find relevant changes in the in-situ experiments. Such 




In-situ Characterisation of Practical Heterogeneous Catalysts 



331 



experimental procedures should always be limited to temperature ranges where it 
is known that no stability problems of the starting materials occur. 

Info 7 is advisable to have prior to the in-situ experiment. It is useful to test the 
sample after its preparation (e.g. pelletising or filling into a capillary) in the in-situ 
cell for catalytic function. A balance of stoichiometry between feed and product 
stream should be constructed giving hints to losses of molecules either at the 
catalyst or at the reaction environment (reactor wall, windows, tubing) being often 
at temperatures allowing condensation or thermal decomposition. Such losses 
must be avoided under all circumstances during the hot in-situ experiment as the 
deposits may interfere with the course of the reaction (clogging), destroy the 
windows or result in non-typical deactivation phenomena of the catalyst (depo- 
sition during re-circulation operation of a process normally operated in the flow- 
through mode). 

Info 8 is related to these topics and is of crucial importance for safety consi- 
deration during in-situ operation. Unattended operation or operation at large-scale 
facilities requires a high safety standard. To assess the chemical risk during expe- 
rimentation any excursions in temperature or pressure that may occur with the 
activated sample by intentional or unintentional contact with environmental or 
reactant gases must be known. 

If the necessary pre-information is collected then in-situ experiments can be 
considered. In order to allow the reader to choose from the large selection of 
possible methods the Table 1 provides basic information about the probe species 
and the response of the sample under study. This information has implications on 
choice of partial pressures (interactions between probe and reaction atmosphere) 
of reactants and products, on the choice of window materials and on sample 
requirements. 




Fig. 2.1: Spectroscopy-function correlation for the partial oxidation of ammonia over 
polycrystalline Cu foil. Conditions: 0.8 mbar pressure, 50:1 02:NH3 and 673 K 




332 R. Schlogl 



There is no universal in-situ method. Each catalytic problem requires usually a 
set of in-situ experiments that is tailored to the question under study. Never should 
be only a single in-situ experiment be carried out as the often extreme demands in 
experimentation tend to lead to artefacts that are effectively only discovered by 
contradictions between experimental data. In several families of methods the 
examination of several independent properties of a sample under the same 
conditions can fulfil this request. 

Figure 2.1 gives a worked example of a quantitative structure-function rela- 
tionship from in-situ analysis. NEXAFS data were obtained from a polycrystalline 
Cu foil in the selective oxidation of ammonia to di-nitrogen. This reaction is of 
interest for tail gas cleaning after SCR systems. The formation of total oxidation 
products NO^ is thus to be avoided even in the typical enormous excess of oxygen 
over ammonia. The correlation shows the yields of nitrogen and NO measured by 
calibrated mass spectrometry as function of the normalised abundance of CuO 
covering the surface together with CU 2 O. 

It is evident that the unwanted deep oxidation is correlated with the copper II 
oxide abundance at the surface whereas the desired partial oxidation reaction 
requires the presence of copper I oxide. It is interesting to note that the specific 
site requirement of copper I oxide and copper II oxide for the formation of one 
product molecule is the same as occurs from the difference in slopes reflecting the 
different stoichiometry of the products. The co-existence of the two oxides at the 
surface under these harsh reaction conditions is quite unexpected and would not 
have been predicted from ex-situ analysis. Quench experiments showed after 
cooling to 300 K only the presence of copper II oxide that was expected from the 
excess of oxygen and the temperature. 

The method was also suitable to prove that the same reaction pathway was 
adopted when Cu clusters deposited on carbon were used instead of the Cu foil. 
The reaction proceeded to completion at about 150 K lower temperatures than 
with the foil indicating that small metal particles seem to form the required oxides 
at more moderate conditions than the extended solid"^. 
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Table 1: List of commonly used characterisation techniques. The ordering follows the acronyms. 
Multiple acronyms for the same technique are cross-referenced. For the meaning of the 
abbreviations see text. 



Acronym 


Full text 


Type of 
infor- 
mation 


Application 

for 


Probe 


Response 


Conditions 


AAS 


Atomic 

absorption 

spectroscopy 


1, b, ex 


Elemental 

composition 


Photons 


Photons 


D, dissolution of 
solid samples 


AEM 


Analytical 

electron 

microscopy 


L ,b, ex 


Elemental 

composition 


Electrons 


Photons 


Nd, transparent 
for TEM, beam 
damage, high 
vacuum 


AES 


Auger 

electron 

spectroscopy 


1 ,s, ex 


Surface 

composition, 

chemical 

bonding 


Electrons 


Electrons 


Nd, UHV, 
conducting 
sample, beam 
stability, see 
SAM 


AFM 


Atomic force 
microscopy 


L, s, ex, in 


Morphology,at 
omic structure 


Electrostatic 

force 


Topography, 

friction 


(Nd), Needs flat 

surfaces, 

artefacts 

possible, see NC- 
AFM 


AP-MS 


Appearance 

potential 

mass 

spectrometry 


Kinetics 


Metastable 

intermediates 


Sample gas 


Ions 


With line of sight 
reactor under 
atmospheric 
pressure 


AS 


Atom 

scattering 


L, s, ex 


Surface atomic 
structure 


Atoms 


Atoms 


Nd, UHV, single 
crystals 


ASA 


Active 
surface area 


Kinetics 


See Chem 








BET 


BET method 


L, s, ex 


Surface area, 

porosity, 

texture 


Gas 


Pressure 

change 


Nd, Very 
flexible, see 
Chem, TSA 


BE 


Bright field 
imaging 


See TEM, 
HRTEM, 
AEM, 
CTEM 


Contrast 
formation 
mode using all 
diffracted 
beams 


Electrons 


Electrons 


Nd, Normal 
imaging mode in 
TEM 


CEMS 


Conversion 

electron 

Mdssbauer 

spectroscopy 


I, s, ex, in 


Surface 

chemical 

constitution 


y-rays 


Electrons 


Nd, restricted to 
few elements 
(Fe, Sn, Au) 


Chem. 


Chemisorpti 

on 


1, s, in 


Surface 
reactivity, 
active surface 
area, analysis 
via Langmuir 
formalism 


Gas, or 
molecules in 
solution 


Pressure 
change, or 
concentratio 
n change 


(Nd), Versatile 
routine method 
for determination 
of active site 
abundance in 
complex 
catalysts 
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Acronym 


Full text 


Type of 
infor- 
mation 


Application 

for 


Probe 


Response 


Conditions 


CI-MS 


Chemical 

ionisation 

mass 

spectros- 

copy 


Kinetics 


Gas phase 
composition, 
time resolved, 
isotope 
labelling 


Sample gas, 
reactive 
auxihary 
gas, 

electrostatic 

field 


Ion 


D, Catalytic 
process 

monitoring, gas 
phase 


CPD 


Contact 

potential 

difference 

measureme 

nts 


I,s,ex, in 


Qualitative 

and 

quantitative 

chemisorption 

analysis 


Surface 

charge 


Capacitance 


Nd, Surface 
potential, 
extremely 
sensitive to 
impurities 


CP-MAS 


Cross pola- 
risation 
magic angle 
spinning 
NMR 


I, b ,s, ex, 
in 


Local bulk 
structure, 
adsorbate 
structure 


High 

frequency 

radiation 

(MHz) 

external 

magnetic 

field, 

mechanical 

sample 

rotation 


High- 

frequency 

electrostatic 

field, 

variations in 


Nd, Wide range 
of nucleii, 
(H,C,P, Al, Si 
and metals), 
only for 
diamagnetic 
samples, in-situ 
limited 


CTEM 


Conven- 
tional trans- 
mission 
electron 
microscopy 


L, b, ex 


Local stmc- 
ture, defects, 
nanostructures 


Electrons 


Electrons 


Nd, Only thin 
samples, beam- 
stability pro- 
blems, high va- 
cuum, see TEM 


CV 


Cyclovolta- 

metry 


I, s, in 


Redox proper- 
ties, reaction 
kinetics, ele- 
mentary reac- 
tion steps, 
electrocata- 
lysis 


Electrons at 

varying 

potential 


Current 


Nd, Requires 
condensed 
phases, electro- 
lyte problem, 
surface - 
sensitive 


DF 


Dark field 
imaging 


SeeTFM, 

HRTFM, 

AFM, 

CTFM 


Contrast 
formation 
using selected 
diffracted 
beam 


Electrons 


Electrons 


Nd, Imaging 
mode resolving 
abundance and 
distribution of a 
selected struc- 
tural element 
(lattice plane) in 
TEM 


DR 


Diffuse 

reflectance 




Mode of 
spectroscopy 
with photons 
for “dark” 
sohd samples 


Photons 


Photons 


Nd, works for 
IRandUV 
spectroscopic 
methods 


DRIFTS 


Diffuse 

reflectance 

Fourier 

transform 

infrared 

spectros- 

copy 


I, b, ex, in 


Vibrational 
analysis of 
catalysts and 
adsorbates 


IR- hght 


IR-light 


Nd, Wide range 
of apphcations 
with gas, solid, 
liquid samples. 
Critical inten- 
sity analysis. 
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Acronym 


Full text 


Type of 
infor- 
mation 


Application 

for 


Probe 


Response 


Conditions 


DSC 


Differential 

scanning 

calorimetry 


I, b, ex 


Solid state 
structure by 
specific reac- 
tions, phase 
transfor- 
mations 


Heat, linear 
variation of 
temperature 


Heat 


(D), Polymorph 
analysis, 
requires solid 
state samples, 
wide range of 
applications 


DTA 


Differential 

thermal 

analysis 


I, s, b, ex, 
in 


Heat flow 
during solid- 
state reactions 
and gas-solid 
reactions. 


Heat at 
variable 
temperature 


Heat 


D, Wide range 
of application, 
phase transi- 
tions, extremely 
sensitive to 
chemical 
reactions 


DTG 


Differential 

Thermogra- 

vimetry 


I, b, ex, in 


Reaction 
monitoring by 
weight 
changes of 
solid sample 


Gas, 
variable 
tempera- 
ture, con- 
trolled tem- 
perature 
profile 


Derivative 
of sample 
weight vs 
temperature 
or time 


D, solid powder 
samples, see 
TGA 


ED 


Electron 

Diffraction 


L, b, ex 


Local ciys- 
tallographic 
analysis of 
solid particles 
and thin films 


Electrons 


Electrons 


Nd, Sample 
good for TEM, 
good for metric 
and symmetry, 
difficult for 
atom positions 
(intensity 
analysis), see 
also SAD 


EDX 


Energy- 

dispersive 

X-ray 

emission 

analysis 


L ,b, ex 


Local elemen- 
tal composi- 
tion, analysis 
of nanostruc- 
tures (suppor- 
ted metal par- 
ticles) ansdy- 
sis of phase 
mixtures, la- 
teral distribu- 
tion analysis 


Electrons 


X-ray 

Photons 

Synonym: 

EDAX 


Nd, Solid 
samples, beam 
stability, 
problems with 
light elements, 
attachment to 
SEMandAEM, 
CTEM 
instruments 


EELS 


Electron 
energy loss 
spectros- 
copy 


L, b, ex 


Chemical 
bonding of 
light ele- 
ments, lateral 
distribution 
analysis with 
atomic resolu- 
tion, (solid- 
sohd inter- 
faces) 


Electrons 

(highly 

monochrom 

atic) 


Electrons 


(Nd), Solid 
samples, 
suitable for 
TEM, high 
vacuum, beam 
stability 


Ellip. 


Elhpso- 

metry 


I, s, in 


Thin film 
properties 


Photons 

(visible 

light) 


Photons 


Nd, Solid 
samples, flat, 
model catalysts 
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Acronym 


Full text 


Type of 
infor- 
mation 


Application 

for 


Probe 


Response 


Conditions 


EPMA 


Electron 

probe 

micro- 

analysis 


L, b, ex 


Elemental 
con^sition 
in flat hetero- 
geneous 
samples 


Electrons 


X-ray 

photons 


Nd, Rat solid 
samples, high 
vacuum, similar 
toEDX 


EPR 


Electron 
paramagne- 
tic reso- 
nance spec- 
troscopy 


Same as 
ESR 










ESCA 


Electron 
spectros- 
copy for 
chemical 
analysis 


Same as 
XPS 










ESEM 


Environ- 

mental 

scanning 

electron 

microscopy 


L, s, in 


Morphology 
in reactive 
atmosphere 


Electrons 


Electrons 


Nd, Excellent 
for insulating 
samples, works 
in water and air 
at ca. 50 mbar 
pressure 


ESR 


Electron 

spin 

resonance 

spectros- 

copy 


L, b, ex, 
in 


Paramagnetic 
centres and 
radicals in and 
on catalysts 


High fre- 
quency 
radiation 
(GHz) 
external 
magnetic 
field 


High 

Frequency 

radiation 


Nd, Solid, liquid 
samples, veiy 
sensitive, 
limited in-situ 
capabilities 


EXAFS 


Extended 

X-ray 

absorption 

fine 

structure 


L, b, ex, 
in 


Local atomic 
structure, see 
also NEXAFS 


X-ray 

photons 


X-ray 

photons, 

(conversion 

electrons) 


Nd, Works for 
amorphous and 
crystalline 
samples, very 
flexible, com- 
plex data ana- 
lysis, good for 
in-situ studies, 
requires 
synchrotron 


FEM 


Field 

emission 

microscopy 


L, s, ex 


Single atoms 
on metals 


El. Static 
field 


Electrons 


Nd, UHV, very 
limited in mate- 
rials and sample 
(tip), extreme 
resolution, 
dynamics of 
atoms, model 
reactions 


FIM 


Field ion 
microscopy 


L, s, ex 


Single atoms 
on metals 


EL Static 
field, gas 
atoms 


Ions 


Nd, See FEM 
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Acronym 


Full text 


Type of 
infor- 
mation 


Application 

for 


Probe 


Response 


Conditions 


FT-IR 


Fourier- 

transform 

infrared 

spectros- 

copy 


I, s, b, ex, 
in 


Vibrational 
analysis of 
catalysts and 
adsorbates 


IR- light 


IR light 


Nd, Extremely 
versatile me- 
thod, excellent 
in interpretation, 
chemical and 
structural infor- 
mation, nume- 
rous methods 
for all types of 
samples, good 
in-situ capabili- 
ties 


FT-R 


Fourier- 

transform 

Raman 

spectros- 

copy 


I, s, b, ex, 
in 


Vibrational 
analysis of 
catalysts and 
adsorbates 


Light (IR, 
visible) 


Light 


(Nd), Solid 
liquid samples, 
beam stability, 
intensity diffi- 
cult to analyse, 
good in-situ 
capabilities 


GC 


Gas 

chromato- 

graphy 


Kinetics 


Qualitative 

and 

quantitative 
gas analysis 


Gas 


Detector 
responses 
(conduc- 
tivity, 
ionisation 
MS, alight 
absorption, 
electron 
capture etc) 


Nd, Extremely 
versatile family 
of methods for 
separation and 
quantification of 
all gas mixtures, 
advanced 
instrumentation 
and analysis, 
routine method 
in all catalytic 
problems 


GC-MS 


Gas chro- 
matography 
coupled 
mass spec- 
troscopy 


Kinetics 


Qualitative 
and quanti- 
tative analysis 
of complex 
gas mixtures 


Gas 


Ion current 


D, See GC, ex- 
cellent for iden- 
tification of 
molecules, iso- 
tope labelling 
studies 


GR-XPD 


Grazing 

incidence 

X-ray 

powder 

diffraction 


I, s, ex 


Phase 

analysis, film 
thicloiess and 
roughness 
analysis of 
thin film sohd 
samples 


X-ray 

photons 


X-ray 

photons 


Nd, surface- 
sensitive variety 
of powder 
diffraction, 
requires flat 
samples, mor- 
phology ana- 
lysis difficult 
for complex 
film compo- 
sitions, model 
studies 
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Acronym 


Full text 


Type of 
infor- 
mation 


Application 

for 


Probe 


Response 


Conditions 


HPLC 


High 

pressure 

liquid 

chromato- 

graphy 


Kinetics 


Quantitative 
analysis of 
hquid samples 


Liquid 


Detector 
signals 
(hght ab- 
sorption, 
electrical 
conductivi- 
ty, spectros- 
copy) 


Nd, See GC 
Universal for all 
hquid mixture 
analysis 
problems 


HREELS 


High- 
resolution 
electron 
energy loss 
spectros- 
copy 


I, s, ex 


Vibrational 
analysis of 
adsorbates on 
flat surfaces 


Electrons 

(low 

energy), 

extremely 

mono- 

chromatic 


Electrons 


Nd,UHV 
method, single 
crystal, electro- 
nic conductivi- 
ty, mind selec- 
tion rules, inter- 
pretation similar 
to FT-IR 


HREM 


High 

resolution 

electron 

microscopy 


Same as 
HRTEM 










HRTEM 


High 

resolution 

electron 

microscopy 


L, b, ex 


Projection of 
atomic stmc- 
ture into two 
dimensions, 
visualisation 
of lattice 
fringes analy- 
sis of solid 
interfaces and 
defect struc- 
tures 


Electrons 

(high 

energy) 


Electrons 


Nd, Solid 
samples, high 
vacuum, 
transparent for 
electrons, 
interpretation 
only with model 
calculations and 
crystallographic 
model, see ED 


ICP-MS 


Inductively 

coupled 

Plasma 

mass 

spectro- 

metry 


I, b, ex 


Elemental 
chemical 
analysis, trace 
analysis 


Atoms in 
solutions 


Ions 


D, liquid 
samples, ex- 
tremely sensi- 
tive, requires 
extensive che- 
mical prepa- 
ration of solids 


IMP 


Ion 

microprobe 


L, s, ex 


Surface 
elemental 
mapping , 
speciation by 
fragments, see 
SIMS 


Imaging 
Ions (high 
energy) 


Sample Ions 


D, Solid sample, 
extremely 
sensitive, UHV 
quantification 
difficult 


MR-MS 


Ion 

molecule 

reaction 

mass 

spectros- 

copy 


Kinetics 


Gas phase 
analysis with 
MS reducing 
the fragmen- 
tation of 
analyte ions 


Primary 

ions 


Product 

ions 


Nd, Very mild 
ionisation 
reduces frag- 
mentation to 
analyse strongly 
overlapping 
mass spectra of 
small molecules 
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Acronym 


Full text 


Type of 
infor- 
mation 


Application 

for 


Probe 


Response 


Conditions 


IR 


Infrared 

spectros- 

copy 


L ,i, s, b, 
ex, in 


Vibrational 

analysis 


See FT-IR, 
DRIFTS 




Nd, Family of 
spectroscopic 
methods giving 
a wealth of 
chemical struc- 
ture information 
on catalyst and 
adsorbates, in 
solid, liquid and 
gaseous states 
numerous in- 
situ capabihties, 
microspectros- 
copy for lateral 
inhomogeneous 
samples 


ISS 


Ion 

scattering 

spectros- 

copy 


I, s, ex 


Elemental 
analysis of the 
topmost 
atomic layer 


Ions (noble 
gases) 


ions 


D, UHV, solid 
samples 
quantification 
difficult 


LEED 


Low-energy 

electron 

diffraction 


I, s, ex 


Surface 

crystallo- 

graphy 


Electrons 

(low 

energy) 


Electrons 


Nd, UHV, 
single crystal, 
ordered surface 
structure, 
electrical 
conductivity 


LEIS 


Low-energy 
ion scat- 
tering spec- 
troscopy 


Same as 
ISS 










LIE 


Laser-in- 
duced fluo- 
rescence 
spectros- 
copy 


Kinetics 


In-situ 
analysis of 
traces in gs 
phase, no 
sampling 


Light (IR, 
visible) 


Light 


Nd, Gas phase, 
lateral reso- 
lution in reac- 
tion volume, 
very specific, 
large molecules 


EMMS 


Laser 

microprobe 

mass 

spectro- 

metry 


L, s, b, ex 


Local surface 
and bulk 
composition 


Laser light 


Ions 


D, Solid 
samples, high 
vacuum, 
complex data 
analysis, 

Syn. LAMMA 


LRS 


Laser 

Raman 

spectros- 

copy 


I, b, ex, in 


Vibrational 
analysis of 
catalysts 


Laser-Light 
(IR, visible) 


Light 


(Nd), Solid 
samples, beam 
stability, micro- 
spectroscopy, 
good in-situ 
capabilities 


Magn. 


Magnetic 

susceptibi- 

lity 

measure- 

ments 


I, b, ex, in 


Bulk 
electronic 
structure. 
Redox state 


Magnetic 

field 


Force, 

magnetic 

field 


Nd, Measured 
with magnetic 
balances or 
SQUID devices 
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Acronym 


Full text 


Type of 
infor- 
mation 


Application 

for 


Probe 


Response 


Conditions 


MAS 


Mossbauer 

absorption 

spectros- 

copy 


I, b, ex, in 


Geometric 
and electronic 
structure 


y-rays, 

mechanical 

motion 


y-rays 


Nd, Solid sam- 
ples crystalline 
or amorphous, 
limited to few 
practically mea- 
surable ele- 
ments (Fe, Sn, 
Au, I), good in- 
situ capabilities, 
advanced 
analysis 


MAS- 

NMR 


Magic angle 

spinning 

nuclear 

magnetic 

resonance 


See CP- 

MAS, 

NMR 










MBS 


Molecular 

beam 

scattering 


Kinetics, 

surface 

structure 


Kinetics of 
elementary 
step pro- 
cesses, atom 
scattering for 
surface crys- 
tallography 


Molecules 
(in defined 
energetic 
states) 


Molecules, 
scattered or 
reacted 


UHV, single 
crystal, model 
experiments 


Merc. 


Mercury 

porosimetry 


I, b, ex 


Porosity and 
pore shape in 
Solids 


mercury 


Pressure 


D, widely used 
routine tech- 
nique, best for 
larger pores, 
complementary 
to BFT analysis 


MS 


Mass 

spectro- 

metry 


Kinetics, 
detector 
for secon- 
dary and 
scattered 
ions 


Many applica- 
tions in gas 
analysis, se- 
condary ion 
spectrometry 
and isotope- 
labelling 
methods 


Gas plus 

ionisation 

source 

(electrons, 

ions) 


Ions and 

ionised 

fragments 


Many instru- 
ment types, 
quadrupoles , 
TOFand 
magnetic 
focussing 
instmmentation 


NC-AFM 


Non-contact 

AFM 


See AFM 








Nd, Special 
mode avoids 
artefacts 
through strong 
forces between 
sample and tip 


NEXAFS 


Near-edge 

X-ray 

absorption 

fine 

structure 

spectros- 

copy 


L, s, b, ex, 
in 


Local 
electronic 
structure of 
sohds 


X-rays, 

variable 

wavelength 


X-rays 


Nd, solid sam- 
ples, fingerprint 
technique, diffi- 
cult analysis, 
good for in-situ 
studies, requires 
synchrotron, see 
FXAFS 
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Acronym 


Full text 


Type of 
infor- 
mation 


Application 

for 


Probe 


Response 


Conditions 


NMR 


Nuclear 

magnetic 

resonance 


I, b, ex, in 


Local 

stmcture of 
catalysts , 
model 
compounds 
and of 
adsorbates, 
dynamic 
motion of 
molecules, in- 
situ imaging 


Magnetic 
filed, high 
frequency 
(MHz) 
radiation 


High 

frequency 

radiation 


Nd, Very wide 
application for 
liquid and solid 
samples, wide 
range of nucleii, 
limited to dia- 
magnetic sam- 
ples, see also 
CP-MAS, 
MAS-NMR, 
limited in-situ 
capability, 
excellent 
interpretation 


NS 


Neutron 

scattering 


I, b, ex 


Structure of 

solid and 

liquids, 

magnetic 

ordering, 

hydrogen 

stmctures 


neutrons 


neutrons 


Insensitive, 
requires nuclear 
reactor, versatile 
for many struc- 
tural aspects, 
scattering law 
different from 
X-ray scattering 


OM 


Optical 

microscopy 


I, b, ex, in 


Morphology, 
phase trans- 
formation , in 
situ reaction 
monitoring 


Visible light 


Visible light 


Nd, Polarisation 
analysis, sui- 
table for sohds 
and liquids, 
good in-situ 
capabilities 


PAS 


Photo- 

acoustic 

spectros- 

copy 


I, s, b, ex, 
in 


Vibrational 
analysis of 
strongly 
absorbing 
systems 


IR-light 


Sound 

waves 


Nd, versatile 
solid sample 
environment, 
difficult to 
analyse data 


PES 


Photoelec- 
tron spec- 
troscopy 


Desig- 
nates XPS 
and UPS 










Physisorp. 


Physi- 

sorption 


L, s, ex 


Integral 
surface area 
determination, 
see BET 


Gas 


Pressure 


Nd, Weak 
interaction of 
probe molecule 
with solid 
samples. 


PIXE 


Proton-in- 
duced X-ray 
emission 


I, b, ex 


Trace 

elemental 

analysis 


High energy 
protons 


X-rays 


D, requires 
accelerator 
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Acronym 


Full text 


Type of 
infor- 
mation 


Application 

for 


Probe 


Response 


Conditions 


Raman 


Raman 

spectros- 

copy 


I, s, b, ex, 
in 


Vibrational 
analysis, 
complemen- 
tary selection 
rules to IR 


Light (IR, 
visible) 


Light 


Beam damage 
problem with 
sohd samples, 
very versatile, 
intensity diffi- 
cult to analyse, 
excellent in-situ 
technique for 
catalyst struc- 
ture, not very 
surface- 
sensitive 


RBS 


Rutherford 

back- 

scattering 


I, b, ex 


Elemental 

analysis, 

depth 

resolved 


Ions (high 
energy) 


Ions 


Nd, solid 
samples, 
requires 
accelerator 


RED 


Radial 

electron 

distribution 


I, b, ex 


Description of 
geometric 
structure in 
non-crystal- 
line solids 


Can be 
determined 
by several 
methods 


See: 

EXAFS, 
ND, XRD, 
SAX, ED 


Nd, Synonym: 

RDF 

(radial 

distribution 

function) 


REMPI 


Resonance- 

enhanced 

multi- 

photon 

ionisation 

spectros- 

copy 


Kinetics 


In-situ 
detection of 
small 

concentrations 
of product 
species 


Photons 


Ions 


Nd, Space-time 
resolved mecha- 
nistic studies, 
high throughput 
testing, model 
reactions with 
single crystals, 
complex 
experiment 


SAD 


Selected 

area 

electron 

diffraction 


L, b, ex 


Crystallogra- 
phic infor- 
mation from 
nanostructures 
in sohds 


Electrons 


Electrons 


Nd,TEM 
samples, high 
vacuum, inten- 
sity analysis 
difficult. 


SAM 


Scanning 

Auger 

Microscopy 


L, s, ex 


Morphology 
with elemen- 
tal resolution 


Electrons 


Electrons 


Nd, UHV, flat 
samples, model 
systems, see 
AES 


SAX 


Small-angle 

X-ray 

scattering 


I, b, ex, in 


Micromor- 
phology and 
porosity of 
powder 
samples 


X-ray 

photons 


X-ray 

photons 


Nd, analysis 
difficult, re- 
quires structural 
model, comple- 
mentary to 
Merc, and BET, 
also for amor- 
phous and col- 
loidal samples 
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Acronym 


Full text 


Type of 
infor- 
mation 


Application 

for 


Probe 


Response 


Conditions 


SEM 


Scanning 

electron 

microscopy 


I, s, b, ex 


Morphology, 
particle size. 
Pore size 


Electrons 


Electrons 


Nd, solid sam- 
ples, high va- 
cuum, conducti- 
vity necessary, 
wide range of 
samples, often 
in combination 
with EDX, see 
also ESEM 


SERS 


Surface 

enhanced 

Raman 

scattering 


See LRS, 
Ft-R 








Nd, Extreme 
enhancement 
for adsorbate 
vibrations on 
certain metals 
(Ag) with spe- 
cial structures 


SEXAFS 


Surface- 
sensitive 
extended X- 
ray absorp- 
tion fine 
structure 


L, s, ex 


Local atomic 
bonding 
geometry of 
adsorbates 


X-rays 

(variable 

wavelength) 


Electrons 
(X-rays for 
fluorescenc 
e detection) 


Nd, UHV, 
single crystal, 
model systems 


SFG 


Sum 

frequency 

generation 


I, s, in 


In situ vibra- 
tional analysis 
of small 
adsorbed 
molecules 


Laser light, 
two sources 


Light 


Nd, requires flat 
surface, non- 
linear optical 
effect, interpre- 
tation like IR, 
complex 
experiment 


SHG 


Second 

harmonics 

generation 


I, s, in 


In -situ 
analysis of 
gas-sohd 
interfaces 


Laser light 


Light 


Nd, requires flat 
surfaces, non- 
linear optical 
effect, difficult 
in interpretation, 
model 
experiment 


SIMS 


Secondary 
ion mass 
spectros- 
copy 


I, s, b, ex 


Local 

elemental and 

chemical 

composition, 

d&pih 

profiling 


Primary 

ions 


Sample ions 


D, Solid, flat 
samples, com- 
plex informa- 
tion, quantify- 
cation difficult, 
see also IMP, 
SNMS 


SNMS 


Secondary 
neutral 
mass spec- 
troscopy 


I, s, b, ex 


Local elemen- 
tal and chemi- 
cal composi- 
tion, depth 
profiling 


Plasma and 
electron 
impact 
ionisation 


Sample ions 


D, Solid flat 
samples, good 
for insulators, 
complex infor- 
mation, quanti- 
fication diffi- 
cult, see also 
IMP, and SIMS 
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Acronym 


Full text 


Type of 
infor- 
mation 


Application 

for 


Probe 


Response 


Conditions 


SPM 


Scanning 

probe 

microscopy 


See also 

STM, 

AFM 








Nd, Family of 
methods using a 
variety of 
probes other 
than tunnelling 
current or ato- 
mic forces. 
These probes 
are scanned by 
the same tech- 
nique as in STM 
over the sohd 
sample. 


SSITKA 


Steady state 

isotope 

transient 

kinetics 

analysis 


Kinetics 


Reaction 

mechanism 


Isotope- 
labelled 
educts as 
pulse in 
steady state 
feed 


Scrambled 
isotope 
labels in all 
compo- 
nents, MS 
analysis 


Nd, Time 
resolved gas 
phase analysis 
required 


STEM 


Scanning 

trans- 

mission 

electron 

microscopy 


L, b, ex 


High resolu- 
tion structural 
and compo- 
sitional ana- 
lysis of dis- 
continuous 
solids (inter- 
faces, suppor- 
ted particles) 


Electrons 

(scanned 

beam) 


Electrons, 
usually 
combined 
with EELS 


Nd, flat thin 
sohd samples, 
best for 
designed 
interfaces 
allowing atomic 
resolution 


STM 


Scanning 

tunnelling 

microscopy 


I, s, ex, in 


Surface ima- 
ging with ato- 
mic resolution 
and limited 
chemical con- 
trast. Sensi- 
tive to regular 
and defective 
structures, 
surface topo- 
graphy on all 
length scales 
from atoms to 
microns 


Electrostatic 

potential 


Current 


Nd, Very 
versatile for all 
kinds of solid 
conducting 
samples, UHV, 
in-situ capabi- 
lities, also at 
sohd-liquid 
interfaces, 
limited range of 
temperature 
variation 


STS 


Scanning 

Tunnelling 

spectros- 

copy 


L, s, ex 


Local 
electronic 
structure near 
the Fermi 
edge with 
atomic lateral 
resolution 


Electrostatic 

potential 

(gap 

voltage, 

scanned) 


Current 
(derivative 
vs. gap 
voltage) 


Nd, Ideal for 
active site ana- 
lysis, problems 
with sample 
drift and inter- 
pretation due to 
tip effects 


TA 


Thermal 

analysis 

methods 


I, b, ex, in 


Reaction 
monitoring 
for gas-sohd 
and solid- 
sohd 
processes 


Gas, vari- 
able tem- 
perature, 
linear 
heating 


Weight 
change, heat 
flow 


D, powdered 
sohds, versatile 
method, 
fingerprinting 
technique 
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Acronym 


Full text 


Type of 
infor- 
mation 


Application 

for 


Probe 


Response 


Conditions 


TDS 


Thermal 

desorption 

spectros- 

copy 


I, s, ex 


Thermo- 
dynamic and 
kinetic 

parameters of 

sorption 

processes 


Pre- 

adsorbed 

gas, 

variable 
tempera- 
ture, linear 
heating 


Partial 

pressure 

changes 


D,UHV me- 
thod, best for 
single crystals, 
requires mul- 
tiple experi- 
ments for data 
analysis, yields 
no information 
about reaction, 
no equilibrium 
between gas and 
solid 


TEM 


Trans- 

mission 

electron 

microscopy 


L, i, b, ex 


Regular and 
defective bulk 
structure with 
varying 
resolution 


Electrons 


Electrons 


Nd, versatile 
family of me- 
thods for bulk 
structural ana- 
lysis, sensitive 
to chemical and 
structural de- 
fects, solid sam- 
ples, transmis- 
sion condition 
requires thin 
samples (nm), 
beam stability 
problems 


TGA 


Thermo- 

gravimetric 

analysis 


I, b, ex, in 


Reaction 
monitoring by 
weight 
changes of 
solid sample 


Gas, 
variable 
tempera- 
ture, con- 
trolled 
temperature 
profile 


Weight 

change 


D, excellent in- 
situ capability, 
versatile for 
many solid-state 
reaction pro- 
blems, problems 
with transport 
limitations in 
gas-solid reac- 
tions (kinetics) 


TPD 


Tempera- 

ture-pro- 

grammed 

desorption 


I, s, in 


Thermo- 
dynamic and 
species 
analysis of 
chemisorbed 
molecules on 
an activated 
catalyst 


Gas, 

temperature 
rise with 
defined 
time profile 


Molecules 

desorbed 

and/or 

converted 

detection 

with GC, 

MS 


D, works in 
continuos gas- 
solid equili- 
brium, with 
powders com- 
plementary to 
TDS, yields 
reaction para- 
meters not 
chemisorption 
parameters 


TPN 


Tempera- 

ture-pro- 

grammed 

nitridation 


I, s, in 


Thermodyna- 
mic and kine- 
tic parameters 
of solid state 
nitridation 
reactions 


Gas, 

temperature 
rise with 
defined 
time profile 


Consump- 
tion of 
ammonia 
gas 


D, solid pow- 
ders, follows 
formation of 
metastable 
nitride catalysts 
(HDS, HDN) 1 
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Acronym 


Full text 


Type of 
infor- 
mation 


Application 

for 


Probe 


Response 


Conditions 


TPO 


Tempera- 

ture-pro- 

grammed 

oxidation 


I, s, in 


Thermodyna- 
mic and kine- 
tic parameters 
of soUd state 
oxidation 
reactions 


Gas, 

temperature 
rise with 
defined 
time profile 


Consump- 
tion of 
oxygen gas 


D, solid 
powders 


TPR 


Tempera- 

ture-pro- 

grammed 

reduction 


I, s, in 


Thermodyna- 
mic and Idne- 
tic parameters 
of sohd state 
reduction 
reactions 


Gas, 

temperature 
rise with 
defined 
time profile 


Consump- 
tion of 
hydrogen 
gas 


D, solid 
powders 


TPRS 


Tempera- 

ture-pro- 

grammed 

reaction 

spectros- 

copy 


I, s, in 


Temperature 
profile of gas 
- solid 
reactions 


Gas, 

temperature 
rise with 
defined 
time profile 


Reaction 
products, 
detection by 
MS 


Nd, solid 
powders or 
single crystals 
reduced 
pressure 


TPS 


Tempera- 

ture-pro- 

grammed 

sulfidation 


I, s, in 


Thermodyna- 
mic and Idne- 
tic parameters 
of sohd state 
sulfidation 
reactions 


Gas, 

temperature 
rise with 
defined 
time profile 


Consump- 
tion of 
hydrogen 
disulfide 
gas 


D, sohd pow- 
ders, follows 
formation of 
metastable 
sulfide catalysts 
(HDS, HDN) 


UPS 


UV 

photoelec- 
tron spec- 
troscopy 


I, s, ex 


Electronic 
structure near 
the Fermi 
edge 


UV photons 


Electrons 


Nd, all con- 
ducting sohds, 
UHV, clean 
sohd surface 
and adsorbate 
analysis 


UV-NIR 


UV-near 

infrared 

spectros- 

copy 


I, s, b, ex, 
in 


Electronic 
stmcture, 
redox state 


Visible- IR 
Light 


Visible-IR 

Light 


Nd, all sohd 
samples, good 
in-situ capa- 
bilities, inter- 
pretation diffi- 
cult, transmis- 
sion and reflec- 
tion geometry 


UV-vis 


UV-visible 

spectros- 

copy 


See UV- 
NIR 








Limited 

frequency range 


WAX 


Wide angle 

X-ray 

scattering 


Same as 
XRD 










XAS 


X-ray 

absorption 

spectros- 

copy 


Same as 
NEXAFS 








Term used for 
low-energy 
NEXAFS/EXA 
FS 


XES 


X-ray 

emission 

spectros- 

copy 


I, s, b, ex, 
in 


Electronic 
stmcture of 
sohds and 
adsorbates 


White X- 
ray photons 


Characte- 
ristic X-ray 
photons 


Nd, requires 
synchrotron, 
UHV, complex 
experiment, 
model studies 
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Acronym 


Full text 


Type of 
infor- 
mation 


Application 

for 


Probe 


Response 


Conditions 


XPD 


X-ray 

powder 

diffraction 


Same as 
XRD 










XPD 


a) X-ray 
powder 
diffraction 

b) X-ray 
photoelec- 
tron diffrac- 
tion 


a) Sam 
e as XRD 

b) I,s, 
ex 


Local 

geometry of 

disordered 

adsorbates 


X-ray 

photons 


Photo- 

electrons 


Nd, UHV, 
single crystal, 
model studies 
requires syn- 
chrotron, com- 
plementary to 
LEED 


XPS 


X-ray 

photo- 

electron 

spectros- 

copy 


I, s, b. ex 


Surface 

composition, 

electronic 

structure 


X-ray 

photons 


Electrons 


Nd, UHV, ver- 
satile for solid 
samples, ad- 
vanced interpre- 
tation, surface 
sensitivity 
varies, charging 
phenomena and 
spectroscopic 
artefacts hamper 
proper analysis 


XRD 


X-ray 

diffraction 


I, b, ex, in 


Bulk struc- 
ture, phase 
analysis, 
phase trans- 
formations, 
real stmcture 


X-ray 

photons 


X-ray 

photons 


Nd, very ver- 
satile universal 
method, works 
for sohds and 
liquids, powder 
and single crys- 
tal methods, 
good in-situ 
capabihties, 
high resolution 
at synchrotrons 


XRF 


X-ray 
fluores- 
cence spec- 
troscopy 


I, b, ex 


Elemental 
chemical 
analysis, 
detection for 
EXAFS 


Electrons, 

X-ray 

photons 


X-ray 

photons 


Nd, high sen- 
sitivity, see also 
EDXand 
EXAFS, multi- 
purpose detec- 
tion technique 
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2.2 Characteristics of in-situ Cells 

All in-situ experiments are most sensitive in their validity to the choice and 
construction of the reactor that is used for the experiment. A catalyst is always to 
be seen as unity with its reaction apparatus. Due to the massive influence of heat 
and mass transport phenomena on one side and of reactions of the gas phase 
components with the solid catalyst on the other side, the choice of the gas flow, 
the accuracy of temperature control, the dynamics of heat and mass transport and 
the presence of detectors, heaters and windows of unusual materials will affect the 
catalytic performance. In addition, many reactors are built such that their surface 
is equal or even larger than that of the surface of the active material. Thus 
reactions and condensation processes have to be considered carefully when 
interpreting the catalytic data that inevitably are not identical to those of the same 
catalyst in a conventional microreactor. 

In-situ cells have also to accommodate to the physical requirements of the 
analytical experiment. These conditions often impose stringent conditions on e.g. 
transmittance of a sample wafer or on a small distance of a hot catalyst from a 
cold window or of the size of a sample in relation to the cell size. The presence of 
the reaction atmosphere almost always deteriorates the performance of the 
technique. For this reason as well as for the ease of the kinetic analysis it is 
prerequisite to minimise the cell volume and so to minimise the dead volume of 
the reactor and of its connection lines. 

A critical practice is often applied in structural research where the spectral 
resolution of an experiment is enhanced by “quenching” the sample from reaction 
conditions to low temperatures (300 K or even cryogenic temperatures). Such “in- 
situ” cells are built around a low temperature cryostat and either can counter-heat 
the sample or move the sample to a reaction stage mounted usually above the line 
of sight of the analytical instrument. In surface analysis all “in-situ” experiments 
are carried out in this mode, in EXAFS it is custom to quench samples with small 
particles to enhance structural definition (signal), in Mossbauer spectroscopy real 
in-situ operation is rare as compared to “off situ” operation and also in probe 
molecule vibrational spectroscopy the off-situ mode is very common. 

These assemblies are to be considered very critical as during temperature 
and/or gas quench uncontrollable transformations of surface and bulk of the 
catalyst may happen. If the “off-situ” mode is unavoidable then every effort 
should be made to minimise the volume of the assembly and to move the sample 
rather than to control the temperature of a fixed sample by brute force. Bulky 
coolant lines and high-power heating systems are quite incompatible with real 
catalytic performance. 

When reduced pressure between a few millibars and atmospheric pressure has 
to be used great care should be paid to the way of reducing the pressure. The usual 
method of pumping versus a gas flow provided at atmospheric pressure needs to 
be controlled for: 

□ Contamination by pumping fluids (use dry pumps whenever possible) 

□ Stability of the pumping speed (valve system, capillary flow restrictors, 

apertures for pump regulation) 
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□ Avoiding of preferential pumping (happens when condensable and non- 
condensable molecules are mixed) 

□ Oscillatory behaviour induced by the regulating systems of the mass flow 
controllers (use correct flow restrictors) 

Otherwise substantial problems with sloping reactant partial or total pressures 
will occur not only in the spectroscopy data (absorption changes) but also in the 
kinetic data and eventually also in the catalyst lifetime and stability. 



X-ray 



sample 

(catalyst) 



in situ cell 

(reactor/ sample holder) 




I activity 
^ information 



Fig. 2.1: Schematic representation of an in-situ cell for structural evaluation (XRD, 
EXAFS, XAS). 



A typical in-situ cell system that may be used for structural work but would 
look very similar for vibrational or UV-vis experiments is depicted in Figure 2.1. 
The cell is the crossing point of two streams of molecules and of photons meeting 
at the sample position. The feed needs to be carefully controlled (via bypass not 
shown in the scheme). It is good practice to use a guard reactor filled with the 
catalyst material in the feed stream. At low temperatures the guard material cleans 
the gas stream. At intermediate temperatures the guard reactor can be used to 
simulate a plug flow reactor situation in which the typical catalyst sees a mixture 
of educt and products. Such studies with varying levels of product content can be 
used for simulations of deactivation processes (coke formation). 

The scheme illustrates evidently that it is difficult to control the energy flow to 
and from the catalyst as it sits in the centre of the cell. Heater systems within the 
gas flow are best for temperature control but require very careful shielding from 
the gas phase. As the heater is always and often substantially hotter than the 
catalyst a large number of side reactions can modify the gas phase composition 
(decomposition, radicals etc). In addition, corrosion of the heater tends to inhibit 
the heat flow to the catalyst and produces secondary catalytic material (heater 




350 R. Schlogl 



metal oxides). Thus light heating by e.g. diode laser systems or external heating 
with a transfer gas (educts mixed with He) are safe alternatives. 

Substantial attention should be paid to the temperature control. It is essential to 
have a micro-thermocouple as close as possible at the sample site. As the mass of 
the sample is usually very small, the thermal response of the regulator system 
must be fast requiring a non-damped input signal. External thermocouples or over- 
protected sensors (in quartz tubes or ceramic hulls) must be avoided whenever the 
chemistry allows it. It is not acceptable to ignore the thermal gradient of the in-situ 
cell and to measure the temperature only at the outer wall of the cell. Even when 
this location is calibrated in the laboratory, the variation in gas flow conditions 
and the varying sample contact (after sample change) are constant sources of 
error. It is good practice to use the catalytic performance itself as in-situ 
thermometer. If the kinetics is well-enough known it is possible to deduce the 
sample surface temperature from conversion and selectivity data. Structural 
techniques analysing the lattice constant or cell volume of crystalline materials as 
function of temperature can also check the temperature control. 

The product gas stream needs to be analysed with high sensitivity and suitable 
temporal resolution on line with the data acquisition. The calibrated mass 
spectrometer is a widely used detector, gas chromatography (modem micro GC) 
are not always applicable as the total pressure of the experiment may be too low. 
Whenever possible it should be avoided to operate in-situ cells in a batch re- 
circulation mode. This enhances the products for analysis but leads often to ill 
defined and not typical deactivation phenomena, as the equivalent of the residence 
time is critical to many hydrocarbon molecular products. The use of GC-MS 
couplings fed with suitable make-up gasses is a precise and preferable detection 
mode. Gas-phase IR spectrometry with long-pathway cuvetts as used e.g. in 
environmental catalysis testing is a suitable alternative. 



Fig. 2.2; 

Realisation of a 
transmission in- 
situ cell. The gas 
in- and outlets 
(top, edges) use 3 
mm o.d. gas pipes. 
The central 
swagelock 
connector fixes the 
thermo-couple. 



In Figure 2.2 
the realisation 

is shown of a small in-situ cell for transmission work^ The cell is based around 
standard tube fittings that fix the windows (A1 foil, light tight) and hold the sample 
block in place. The sample is a pressed wafer of the catalyst mixed with typical 
diluents to ensure sufficient transmission, to provide porosity and to reduce 
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overheating in highly exothermic (oxidation) reactions. A heating capillary 
provides external heating wound in such a way as to provide a temperature 
gradient symmetric with respect to the position of the sample marked by the 
thermocouple fixation. The reactor is overpowered with heating in order to 
minimize thermal insulation that would spoil the response time of the temperature 
regulator. A fast response time is essential when exothermic reactions are studied 
as otherwise the sample is easily ruined by rapid overheating if the reaction sets in 
with an ignition-type behaviour. 

As cleaning of such systems is difficult it is important to design the cell such 
that all materials which come in contact with the catalyst (windows, holders etc) 
may be discarded after a single use. The internal screw set holding the sample 
wafer in position and providing thermal contact should be replaced at least when 
the catalyst system is changed. 



rGferGfice bGam 




thermxoupte 
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referenoe gassfnt 
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Fig. 2.3: Realisation of typical cell for 
reflectance work. The photo shows the cell 
from its optical window side with a catalyst 
(yellow material) loaded.. A typical diameter 
is 20 mm, the cell length about 20 cm. Note 
the concentric class capillary for the gas inlet. 



In Figure 2.3 a typical reflectance cell is shown used here for UV-vis ex- 
periments^ The problem is to bring the sample as close as possible to the window, 
to master the temperature gradient and to provide uniform gas flow. The same 
problems hold for many commercial cells used for FT-IR and UV-vis studies. In 
the schematic diagram the problem is obvious of the temperature gradient from the 
cell furnace heating also the integration sphere and thus creating spurious 
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reflectivity losses. The cooling jacket at the integration sphere reduces the effects 
on the spectrometer but enhances the thermal asymmetry of the reactor and 
requires thus careful adjustment of the coolant flow. The sample is pressed to the 
optical window by a quartz frit that also provides a radially uniform gas flow. Due 
to the size of the sample diameter (required to maximise the sensitivity of the 
spectroscopy) radial gradients of temperature and gas flow in opposite directions 
are unavoidable. By using a coloured sample (heteropoly acid) the gradients were 
made visible and minimised by adjusting heating power and gas cooling effects. 
Positive is the amount of catalyst usable in the cell allowing to accurately detect 
the catalytic performance in-situ. With many small-sized cells the minimal amount 
of catalyst sample allows no sufficient catalytic conversion to be reached. 



3. Case Studies from the Literature 

Within the last 7 years about 250 case studies were devoted to the application of 
in-situ studies to heterogeneous catalysis. About 3 times as many studies were 
published in the field of homogeneous catalysis. The non-critical bibliometry is 
erroneous in this case as the term “in-situ” is used by many preparative chemists 
not only to designate analytical methods but also to indicate the intermediate 
generation of activated reactants that are postulated to exist from particular 
reaction product structures. 

In the large area of surface science a substantial number of reaction studies are 
carried out “in-situ” but these references describe single crystal work that is 
conducted at low pressures exclusively and thus is not so instructive in the context 
of this compilation. The Table 2 gives an impression of the state of the art in the 
field and refers back to some milestones in the development. The selection is 
neither comprehensive nor does it cover all experimental possibilities. It does, 
however, provide sufficient data to enable the reader to interrogate the current 
methodology for its suitability in a given research strategy. 

The reader will also notice that a wide definition of in-situ is required extending 
over the definition given above in order to justify the paper selection. Within the 
strict limit of the definition only a small number of papers would qualify for the 
table. The prevailing definition of in-situ is still “under conditions somewhat close 
to catalytic reaction” without validation or even kinetic verification of the function 
of the specimen investigated. 
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Table 2: Selected literature references to frequently used methods and techniques in the 
characterisation of practical catalysts with in-situ methods 



Topic 


References 


Reviews 


7-29, 29 a 


In-situ cell designs 


30-43 


Extended X-ray absorption and near-edge X- 
ray absorption spectroscopy 


5;34;44_57 


X-ray diffraction 


42;58-69 


Nuclear magnetic resonance spectroscopies 


13;19;30;38;58;63;70-96 


Fourier-Transform-infrared spectroscopy and 
DRIFTS 


17;40;97-115 


Thermal methods 


112;I16-I21 






Electron paramagnetic resonance 


9;19;33;130-136 




28;101;105;137-139 


Surface science of real and model systems. 


140;141;141-156 


High-pressure modifications of surface- 
science methods. 


4;157-159 


Scanning tunnelling methods 


16;39;142;144;160-170 


UV-VIS spectroscopy 


132;171-175 


Electron microscopy 


18;162;176-179 




51;180-183 


Molecular species in heterogeneous catalysis 


17;28;82;184-190 


Model systems 


16;39;144;145;162-166;191-206 


Kinetics 


32;41;131;142;187;207-222 
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Abstract. This chapter represents a personal view on selected important achievements of 
the past as well as some new developments in homogeneous catalysis, which might be 
important in the future. Special focus is given on sub-areas of homogeneous catalysis such 
as carbonylations and transition metal-catalyzed coupling reactions for fine chemicals. It is 
intended to stimulate the reader's appetite for more homogeneous catalysis. 



1. Introduction 

Basically homogeneous catalysts are characterized by the fact that catalyst, 
starting materials and products are staying within the same reaction phase. Com- 
paring homogenous and heterogeneous catalysis, both have common charac- 
teristics, but also significant differences are visible: 

• Homogeneous catalysts (most often the pre-catalyst) are molecularly defined in 
nature. This fact combined with the possibility to synthesize potential inter- 
mediates of a given catalytic cycle allows an easier understanding of the reac- 
tion mechanism. Based on this mechanistic understanding in general a more 
rational development of improved catalysts is possible. 

• Most often homogeneous catalysis takes place under much milder reaction 
conditions compared to heterogeneous catalysis. Typically reactions are 
performed in between room temperature and 120°C. Also the reaction pressure 
is comparably low, in general reactions are run at atmospheric pressure. If 
gases or low boiling starting materials are used reactions are performed in 
between 1-60 bar pressure. Nevertheless also high pressure processes are 
known. Hence, the conversion of more complicated organic building blocks 
with different functional groups is favorably done with homogeneous catalysts. 
On the other hand the temperature based stability of heterogeneous catalysts is 
increased compared to their homogeneous counterparts. Hence, reactions such 
as CH-activation processes, which need higher temperatures (> 250°C) in order 
to take place with significant rate, are based on heterogeneous catalysts. 
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• It is important to note that most reactions using homogeneous catalysts are run 
in liquid phase in a batch wise mode. Especially in academic research 
laboratories homogeneous catalysis is attributed to batch reactions using 
organic solvents. However, in industry large scale processes, e.g. carbonylation 
reactions, oxidations, are performed in a continues mode. 

• Due to the advancements in organometallic chemistry and organic ligand 
synthesis, nowadays a plethora of ligands [P-, N-, and recently C-ligands) is 
theoretically available (10.000 - 100.000). These ligands are extremely im- 
portant in determining the activity, productivity and selectivity of a 
homogeneous catalyst. In fact “ligand-tailoring” constitutes an extremely 
powerful tool to control all kinds of selectivity in a given catalytic reaction and 
to influence catalyst stability and activity. A selection of important ligands for 
homogeneous catalysis is shown in Scheme 1. Apart from the well-known aryl 
and alkyl phosphines and amines, recently also carbenes [1] have become more 
and more important. In addition mixed ligand systems with two different 
chelating groups, as well as hemilabile ligands find increasing interest. 




^pph, 

^^“PPtl2 




Scheme 1: Typical ligands for homogeneous catalysis. 



• In asymmetric catalysis [2] the stereoselectivity of a given reaction is induced 
by a soluble chiral phosphine or amine ligand. Although in general not re- 
cognized there exist an interesting analogy of ligands for homogeneous 
catalysis and supports and modifiers used in heterogeneous catalysis. 

• Importantly, the separation of the catalyst is straightforward done in hetero- 
geneous catalysis via filtration. In homogeneous catalysis, either distillation of 
starting materials and products, chromatography, crystallization, or modem 
techniques of multiphasic catalysis have to be applied. 

Due to the specific characteristics of homogeneous and heterogeneous catalysis 
the application and use of these systems are most often performed in different 
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chemistry communities. Although noteworthy efforts are undertaken to bridge this 
gap, still a lot of work has to be done in order to make full use of the synergism of 
the two fields. 

Until to date the application of homogeneous catalysts is dominating in organic 
synthesis and the fine chemical industry. However, also bulk processes are run in 
industry. Basically all industrial carbonylation reactions are done with homo- 
geneous catalysts. Important examples include the production of aliphatic 
aldehydes and acetic acid. Despite enormous efforts the leaching of volatile 
carbonyl clusters and complexes from heterogeneous catalysts prevent the tech- 
nical use of this class of compounds. Other large scale processes run with 
homogeneous catalysts are oxidation reactions, which are performed with low 
molecular weight transition metal salts. 

Clearly, homogeneous catalysis can not be discussed comprehensively within 
the frame of this one chapter. Therefore this chapter represents a personal view on 
selected important achievements of the past as well as some new developments in 
homogeneous catalysis, which might be important in the future. Special focus is 
given on sub-areas of homogeneous catalysis such as carbonylations and transition 
metal-catalyzed coupling reactions for fine chemicals. Clearly other homogeneous 
catalytic reactions such as oxidations, cyanations, olefin dimerizations and oligo- 
merizations, hydrogenations, asymmetric catalysis as well as “simple” acid and 
base catalysis constitute also important areas in academic and industrial chemistry, 
but will be treated here only on the surface. Here, it is intended to stimulate the 
reader's appetite for more homogeneous catalysis. 

The broad area of hydrogenation reaction is excluded at all due to space 
limitations. However, there are excellent recent textbooks on the market, which 
provide the reader with a more comprehensive insight into this lively and 
fascinating topic [3]. 



2. Carbonylation Reactions 

2.1 General Aspects 

At its beginning and still today homogeneous catalysis benefits significantly from 
advancements in the area of organometallic chemistry. Here, mechanistic under- 
standing of elementary steps and the synthesis of new organometallic compounds 
provide a valuable source for inspiration regarding new catalytic reactions. In 
addition to metal hydrides especially metal oxo complexes have been proven 
important catalysts and intermediates in homogeneous reactions. Due to the 
industrial importance of catalytic carbonylations this type of reaction is first 
discussed. The term carbonylation [4, 5] is used for a large number of closely 
related reactions that all have in common that carbon monoxide is incorporated 
into a substrate by addition of CO to unsaturated compounds such as alkynes or 
alkenes in presence of nucleophiles (NuH) (Scheme 2). 
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R — = + CO + NuH 



+ CO + NuH 



+ CO + H2 



catalyst 



catalyst 



catalyst 



catalyst 



O 

O 

R- --- .H 

O 



RCHo-X + CO + NuH ► RCH2-CONU 



Scheme 2: Different types of industrially important carbonylation reactions. 



These reactions are closely related to the hydroformylation process ( 0 x 0 - 
synthesis) by which a formyl group and a hydrogen atom are attached to a olefinic 
double bond (see below). Apart from the carbonylation of unsaturated compounds 
the reaction of carbon monoxide with activated C-X compounds (X = OH, halide) 
is of industrial interest. Here, CO is inserted into an existing C-X bond leading to 
aliphatic or aromatic carboxylic acid derivatives. The most important industrial 
example of this type of chemistry is the carbonylation of methanol to give acetic 
acid. 

Because most late and middle transition metal metals are capable to undergo 
the required elementary steps for carbonylation catalysis (e.g. coordination of CO 
and olefins, ligand exchange reactions) there exists a number of different catalysts 
based on Co, Rh, Ir, Ni, Pd, Pt, Fe, Mo, W, and others. However, the rate of ligand 
exchange reactions, insertion into CX-bonds, addition of CO to unsaturated bonds 
is different by orders of magnitude. Hence, catalyst performance of the different 
metals is quite diverse. 



2.2 Hydroformylation 

Today, from an industrial point of view, one of the most important 
homogeneously catalyzed reactions is the hydroformylation of olefins (Scheme 3) 
[6]. In this reaction discovered in 1938 by Otto Roelen at Ruhrchemie/Oberhausen 
olefins and synthesis gas (hydrogen and carbon monoxide) react to form 
aldehydes. 
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Scheme 3: Linear and branched aldehydes formed by hydroformylation of terminal olefins. 



Despite investigations for more than 40 years still some mechanistic issues 
remain open; e.g. the hydrogenolysis of the metal acyl complex at different 
conditions. 
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Scheme 4: General mechanism of the rhodium-catalyzed hydroformylation. 



Although various transition metal based complexes (e.g. Ru, Ir, Co, Rh, Fe, ...) 
are known to catalyze hydroformylation reactions, mainly rhodium and (less) 
cobalt-based systems are used because of their superior activity. The generally 
accepted mechanism of the reaction using a triphenylphosphine rhodium based 
catalyst is depicted in Scheme 4. The major share of the produced aldehydes is 
applied as starting material for the production of alcohols, e.g. 2-ethylhexanol 
(made by aldol reaction of butyraldehyde and subsequent reduction), which in turn 
is used for the production of the corresponding terephthalic esters. These esters are 
used as plasticizers for polyvinylchloride (PVC) and therefore are produced on a 
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large scale (ca. 7-8 million tons in 2000). It is estimated that the volume of these 
products increase each year by 3%. 

Nowadays commercial hydroformylation plants are run exclusively with 
catalysts based on either rhodium or cobalt as central metal. The first generation of 
hydroformylation processes (BASF, ICI, Ruhrchemie) using cobalt carbonyl 
complexes was run at relatively high temperature (150-180°C) and pressure (200- 
350 bar). Later on, Shell introduced a phosphine modified cobalt carbonyl process 
for the synthesis of detergent alcohols, which is still in use today. 

Since the technical and economical success of the homogeneous low-pressure- 
oxo-processes (LPO) by Union Carbide and Celanese in the mid seventies a 
substitution of cobalt catalysts by rhodium catalysts is taking place. Therefore 
most of the hydroformylation studies in the last decade focused there attention on 
rhodium catalysts. Nevertheless, a significant amount of oxo products (> 2.5 Mio 
tons/a) is still produced using cobalt catalysts, especially, HCo(CO )4 and 
HCo(CO) 3 PR 3 complexes. Looking at the hydroformylation of propene which 
amounts for the major share of hydroformylation capacity, the technology of the 
cobalt-based processes has remained unchanged over the years, whereas in case of 
rhodium novel hydroformylation processes have been introduced. An important 
industrial development in this area was the Ruhrchemie/Rhone-Poulenc process 
[7], whereby a water-soluble rhodium catalyst is employed in a two-phase hydro- 
formylation process. Based on the original idea of Kuntz [8] a Rh/TPPTS complex 
(TPPTS = tris sodium salt of meta trisulfonated triphenylphosphine) is used as 
catalyst for this process which reached a production level of more than 500.000 
tons per year nowadays. The economical competitiveness of the 
Ruhrchemie/^one-Poulenc process are based on the simple principle of catalyst 
recycling and the low-cost catalyst/product separation. Despite the advantages the 
RhA’PPTS catalyst has also limitations, e.g. it is not possible to hydroformylate 
internal olefins or long chain olefins in water with sufficient catalyst activity. 

What are recent trends in hydroformylation reactions? On the one hand industry 
is interested to substitute the more expensive terminal olefin feedstock by cheaper 
olefmic mixtures. Additional impetus for the development of alternative 
hydroformylation processes is provided by the discussion about new and more 
environmentally friendly plasticizer products [9]. Thus, hydroformylation of low- 
price internal olefins to longer-chain linear aldehydes represents an important and 
actual task in industry. In fact P. W. N. M. van Leeuwen stated in 2000 in his 
excellent recent book 'The selective formation of linear aldehydes starting from 
internal alkenes is still one of the greater challenges in hydroformylation 
chemistry" [10]. For example hydroformylation of E-2-butene and Z-2-butene to 
n-valeraldehyde is of industrial interest due to the economic advantage using 
raffinate II as feedstock. The product n-valeraldehyde may partly substitute n- 
butyraldehyde for the production of plasticizers. Also upon oxidation n-valeric 
acid is produced, which is the basis of new ester-type lubricants for CFC- 
substituents in refrigeration systems. 
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In order to obtain linear aldehydes from internal olefins the catalyst has to 
perform a fast isomerization between the internal and terminal olefin (Scheme 5: 
reaction a). 



^ 

. , CO/H2 



R 

CHO 

undesired 




^ CHO 

undesired 






c 

CO/H2 



CHO 

desired undesired 



Scheme 5 : Selective hydroformylation of internal olefins to give linear aldehydes: a) 
isomerizaton, b) hydroformylation of internal olefin, c) hydroformylation of terminal 
olefin. 



Unfortunately the thermodynamic equilibrium mixture contains in general less 
than 5 % of the terminal olefin (for this reason isomerization should be avoided if 
terminal olefins are used as starting material). In addition, the hydroformylation of 
the terminal olefin (Scheme 5: reaction c) must occur many times faster (and with 
high Az-selectivity) compared to the reaction of the internal olefin (Scheme 5: 
reaction b). 

To date different homogeneous catalysts have been tested for use in the 
hydroformylation of internal olefins. In general cobalt-based homogenous systems 
show the same hydroformylation activity for terminal and internal olefins. 
However, these catalysts need high temperatures and pressures (up to 190 °C and 
250 bar) which is not desirable for industry. The selectivity towards the linear 
products, which is reported as n/i-ratio, is typically in between 1:1 and 7:1 even if 
phosphine-modified systems are used. In the presence of cobalt catalysts it is often 
observed that the selectivity does not depend on whether the terminal or internal 
isomer is reacted olefins. Interestingly, not only is the rate of olefin isomerization 
faster than hydroformylation with cobalt catalysts but also the CO insertion step is 
faster than olefin dissociation. Thus the internal olefins are converted to aldehydes 
without leaving the metal. In contrast to cobalt catalysts rhodium phosphine 
systems show a much higher activity for terminal olefins and internal olefins are 
converted only very slowly to branched aldehydes with little isomerization. 
Similar to cobalt catalysts coordinatively unsaturated rhodium species exhibit 
activity towards isomerization of the olefinic substrate. 

Such unsaturated rhodium species are formed either due to a lack of CO in the 
liquid phase or in the presence of sterically demanding ligands which prevent the 
coordination of more than one phosphorous-containing ligand [11]. 

In this respect Billig et ah reported excellent selectivities for the rhodium- 
catalyzed hydroformylation of internal olefins using chelating bulky phosphites as 
ligands. Here, n/i-ratios up to 96:4 have been obtained for the hydroformylation of 
2-butene by using the chelating, but sterically demanding phosphites [12]. More 
recently, also phosphonites, phosphinites and even phosphines have been 
developed [13]. This area clearly demonstrates that catalyst improvement in 
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homogeneous catalysis still is based to a large extent on the synthesis of new 
organic ligands. Despite progress in the area of molecular modeling, successful 
ligand synthesis relies on experience, intuition and trial and error. 




Borner et al., Angew. Chem. Int Edn., 2001, 40, 1696 




NAPHOS derivative 

^ Beller et al, Angew. Chem. 
Int. Ed. 2001, 40, 3408. 



tr van Leeuwen et al., Angew. 
Chem. Int. Ed. 1999, 38, 336. 



Scheme 6: Ligands for hydroformylation of internal olefins to linear aldehydes. 



Unfortunately, most the ligands shown in Scheme 6 have a rather complicated 
structure which makes them difficult to synthesize. In addition P-0 based ligands 
are susceptible towards Arbuzov-type degradation reactions, which is bad for long 
term stability. Hence, further improvements are needed for large scale application. 
Nevertheless new industrial applications are predicted to take place in the next 5 
years. 
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An environmentally benign (atom efficient, one pot) synthesis of amines from 
olefins using an in situ hydroformylation is the so-called hydroaminomethylation 
reaction [14]. After initial hydroformylation of the olefin subsequent formation of 
an enamine (or imine) followed by hydrogenation takes place. Since its discovery 
by Reppe at BASF the hydroaminomethylation reaction has been mainly studied 
in industry. Only in recent years especially Eilbracht and co-workers developed 
new methodologies based on tandem sequences using the hydroaminomethylation 
reaction. Interestingly, the synthesis of linear amines from internal olefins via 
hydroaminomethylation has been described very recently [15]. 



2.3 Other Carbonylations of Olefins and Alkynes 

Pioneering work in the field of carbonylations was done by W. Reppe at BASF in 
the thirties and forties of the 20th century. He coined the term carbonylations for 
the addition of carbon monoxide to unsaturated compounds in the presence of 
nucleophiles. In Scheme 7 typical carbonylation reactions of olefins are depicted. 
In these reactions similar to hydroformylations, selectivity of linear versus 
branched products is an important issue. Often mixtures of isomeric carboxylic 
acids are obtained, owing not only the occurrence of both Markovnikov and anti- 
Markovnikov addition of the alkene to the metal hydride, but also to the metal- 
catalyzed alkene isomerization. If the nucleophile NuH is water or an alcohol the 
reaction is usually called hydrocarboxylation or hydroesterification. Furtheron 
thiols, amines, acids and even CH-acidic compunds can be applied as nucleophiles 
in these reactions. 
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Scheme 7: Typical carbonylations of alkenes in presence of various nucleophiles. 



In addition to olefins also alkynes can be converted into a,p-unsaturated 
compounds. Formally, a hydrogen and a CONu group are attached to the C-C 
triple bond. In principle the formation of E and Z double bond isomers is 
observed. In contrast to the carbonylations of alkynes, the carbonylation of 
alkenes is slower and therefore often higher pressures and temperatures are 
required to reach acceptable rates. 

Among the different carbonylation reactions the hydrocarboxylation has 
attracted most industrial interest. Importantly, this method provides a route to 
monocarboxylic acids, e.g. ethylene to propanoic acid, acetylene to acrylic acid or 
1 -olefins (readily available from oligomerisation of ethylene) to higher carboxylic 
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acids. In addition, the alkoxy carbonylation of 1,3-butadiene to give methyl 3- 
pentenoate (intermediate for 8-caprolactam) [16] and propyne to give methyl 
methacrylate (MM A) [17] were investigated intensively by industry in the last 
decade. 

Catalysts for the hydrocarboxylation are complexes of the transition metals Ni, 
Co, Fe, Rh, Ru, Pd, Pt, and Ir. Under reactions conditions the corresponding metal 
carbonyls or hydridocarbonyls are formed from various catalyst precursors which 
can be metal salts (halides preferred), complex salts, oxides, or in some special 
cases even fine metal powders. In case of metal halides the nature of the anion 
plays an important role. Most important catalyst metals from an industrial point of 
view are Ni and Co. However, these catalysts require harsh conditions as can be 
seen from Table 1. 

The Co 2 (CO)g-catalyzed hydrocarboxylation of linear a-olefins usually gives 
50-60 % linear carboxylic acids, the total carboxylic acid yield being 80-90 %. 
Typical conditions are: 150-200 °C, 150-250 bar. 



Table 1: Hydrocarboxylations of olefins with various catalysts. 



Catalyst 


Co2(CO)g 


Ni(CO)4 


PdX2L2 


PtX2L2+SnX2 


RhX3 


Temperature [°C] 
Pressure [bar] 


150-200 

150-250 


200-320 

150-300 


70-120 

1-150 


80-100 

1-200 


100-130 

1-100 



A special feature of cobalt catalysts is that if internal olefins are used 
predominantly the linear products are formed. This effect is very similar to what is 
observed in Co-catalyzed hydroformylations. In case of Co catalysts addition of 
hydrogen (5-10 vol%) is beneficial and accelerates the reaction. Also the presence 
of 3-8 mol equiv. pyridine as ligand accelerates the reaction. The cobalt- 
carbonyl/pyridine catalyst system is applied industrially for the synthesis of higher 
alkanoic acids, e.g. the hydrocarboxylation of isomers of undecene yields 
dodecanoic acid with approximately 80 % selectivity. The cobalt catalyst can be 
recovered on distilling over the products of the reaction. 

It is commonly assumed for cobalt-catalyzed carbonylations that Co 2 (CO)g 
reacts with hydrogen or an nucleophile (NuH) with an acidic proton to form the 
catalytically active species HCo(CO )4 [18]. After replacement of one CO ligand 
by the olefin which could occur either by an associative or an dissociative 
mechanism, olefin insertion into the Co-H bond takes place (Scheme 8). 

Subsequent coordination and insertion of CO into the metal-alkyl bond leads to 
the corresponding acyl complex. Finally, hydrolysis of the acyl complex with the 
nucleophile NuH gives the corresponding carboxylic acid or carboxylic acid 
derivative and completes the catalytic cycle. Presumably, the acyl cleavage takes 
place by a nucleophilic attack on the carbonyl carbon of the acyl group. 

Nickel catalysts are more suitable for the carbonylation of alkynes, whereas for 
olefins, Co, Rh, Pd, Pt, and Ru are equally good if not better. Characteristic for 
nickel catalysts in the hydrocarboxylation of a-olefins is that as main product (60- 
70 %) the branched carboxylic acid is formed. With internal olefins branched 
products are formed exclusively. 
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HCo(CO)3(RCH=CH2) 




Scheme 8: Mechanism of the Co-catalyzed carbonylation. 



More recently, Pd, Pt, Rh, and Ru found widespread use due to their better 
performance under milder conditions [19]. Platinum catalysts are superior concer- 
ning the regioselectivity, especially with tin compounds as co-catalysts. However, 
the rates remain quite low even under high pressure. As in hydroformylation the 
catalysts may be ligand modified or not. Co and Ni catalysts are usually used in an 
unmodified way, whereas ligands are used with Pd and Pt. Due to the milder 
reaction conditions substrates like butadiene and styrene can be efficiently 
carbonylated with Pd catalysts. Otherwise polymerization or other side reactions 
are problematic. The regioselectivity of hydroesterification of alkyl acrylates or 
aromatic olefins catalyzed by L^^^PdXj^ can be largely controlled by variation of 
the ligands. Triphenylphosphine promotes preferential carboxylation to the 
branched isomer, wheras with bidentate bisphoshines the linear product is 
produced overwhelmingly. 

In case of Pd-catalyzed carbonylations, there is support for the involvement of 
HPdCl(PPh 2)2 as the acitve species under acidic conditions. Evidence for this 
comes from the isolation of trans-Fd-(COFT)C\(PPh '^)2 from propene hydro- 
formylation, [20] while Pd(CO)(PPh^)^ is inactive as a catalyst in the absence of 
HCl. In the case of PdX 2 L 2 /Sn}^ catalyst systems olefins seem to be the 
hydrogen source for the formation of the active Pd-H species. Under neutral or 
basic conditions, another mechanism involving a alkoxycarbonyl complex may 
operate (Scheme 9). 
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Scheme 9 : Mechanism of the palladium-catalyzed carbonylation under neutral or basic 
reaction conditions. 



Future challenges for carbonylation reactions of olefins and alkynes remain the 
improvement of catalyst activity and generality of the reactions. Still a number of 
functionalized olefins (interesting for fine chemicals) can not be efficiently (and 
selectively) carbonylated. Other challenging topics constitute carbonylations in 
water [21] or “novel” solvents, e.g. supercritical fluids and ionic liquids as well as 
asymmetric carbonylations. While progress in controlling the regiochemistry of 
hydrocarboxylations has been made, stereoselective carboxylations which are of 
interest for intermediates for pharmaceuticals and agrochemicals are clearly 
underdeveloped. Valuable representatives of higher- value acids are the commer- 
cially important 2-arylpropionic acids. Despite reasonable research efforts which 
led to progress in this area, [22] better catalysts systems which fulfill technical 
needs have yet to be developed. Best optical yields were reported to be 84 % ee 
with a turnover number (TON) of 7-8 for the synthesis of ibuprofen with 
PdCyCuCl 2 as catalyst and l,r-binaphthy 1-2,2 '-diyl hydrogen phosphate 
(BNPPA) as ligand. 

Interestingly, there is only little information available regarding the recycling of 
olefin or alkyne carbonylation catalysts. Similar to hydroformylation hetero- 
geneous or heterogenized catalysts always face the problem of leaching via the 
formation of volatile metal carbonyl complexes or clusters. However, immo- 
bilization by a second soluble phase might be a more feasible approach, which has 
not been studied in detail for these reactions up to now. 

Of current industrial interest is the methoxycarbonylation of 1,3-butadiene as a 
potential reaction step for a new 8-caprolactam synthesis. Therefor carbonylation 
reactions of butadiene shall be discussed in a little bit more detail. 1,3-Butadiene 
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can be functionalized by carbonylation reations in several ways. Depending on 
reaction conditions, monocarboxylate, dicarboxylate, or telomerized products can 
be obtained (Scheme 10). 



^ ^ HCo(CO )4 , py PdCl2 



COOCH3 



CO, CH3OH 



CO, CH3OH COOCH3 



PdL4 



CO, CH3OH 



COOCH3 



Pd/C, H2 



COOH 



pelargonic acid 



Scheme 10: Carbonylation reactions of 1,3-butadiene. 



Telomerization of 1,3-butadiene occurs in the presence of methanol and CO 
using halide-free Pd as catalyst to give 3,8-nonadienoate ester [23]. Hydrogenation 
of the telomerization product provides pelargonic acid in good yields. Halide ions 
seem to inhibit dimerization because they occupy the coordination site on 
palladium and thus block the coordination of a second diene group required for the 
dimerization. Thus, palladium acetate solubilized by tert. amines gives the best 
yield of dimerization products. In contrast, oxidative carbonylation of 1,3- 
butadiene in methanol catalyzed by PdCl 2 gives dimethy 1-2-butene- 1 ,4-di- 
carboxylate, while palladium complexes operating under non-oxidative conditions 
catalyze the hydrocarboxylation to yield preliminary 3-pentenoates. This latter 
reaction has been optimized considerably by DSM. Earlier on BASF developed a 
three stage process for the synthesis of adipic acid from the butadiene-containing 
C 4 cut. Here, cobalt was the catalyst metal of choice for this process. 
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Scheme 11: BASF's pilot-plant process for carbonylation of 1,3-butadiene. 
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The reaction takes place in two steps; the first stage which involves a lower 
temperature (100-140°C), uses a fairly high concentration of HCoCCO)^ and 
pyridine as catalyst system to ensure rapid carbonylation of butadiene to give 
methyl pent-3-enoate in 90 % selectivity, thus avoiding typical side reactions such 
as dimerization and oligomerization. In the second step, the concentration of 
pyridine as a ligand must be low because it has an inhibitory effect on the 
isomerization reaction. In situ isomerization to the 4-pentenoic acid ester is a 
prerequisite for the subsequent carbonylation which provides dimethyl adipate. To 
ensure internal double-bond rearrangement, the temperature of the reaction is 
increased to 160-200 °C to give dimethyl adipate with 80 % selectivity. After 
hydrolysis of the ester, adipic acid is obtained with an overall selectivity of about 
70%. 

A special type of carbonylation reaction is the so-called Pausen-Khand 
reaction. Here, an olefin and alkyne is reacted with CO to give directly cyclo- 
pentenones. Apart from cobalt also rhodium is a catalyst metal for this car- 
bonylation reaction. 



2.4 Carbonylations of Alcohols and Aryl Halides 

Alcohols, amines, ethers, carboxylic acids and alkyl and aryl halides can be 
carbonylated to give the corresponding acids, amides, esters, anhydrides and acid 
halides for instance. Typically these reactions are catalyzed by either Pd, Rh, Co, 
Ir complexes under relatively drastic conditions (acid presence, > 100°C). While 
the carbonylation of aryl and benzyl halides attracted considerable interest from 
the organic synthesis community, the reaction of methanol to acetic acid 
constitutes the most important industrial example. Traditionally, rhodium or cobalt 
have been used for the carbonylation of methanol. 

The mechanism of the rhodium-catalyzed carbonylation of methanol (generally 
referred as Montsanto process), is depicted in Scheme 12 [24]. The active species 
[Rh*(CO) 2 lJ can be easily formed from various Rh compounds. The rate 
determining step is the oxidative addition of methyl iodide (formed from methanol 
and HI) to [Rh\CO) 2 l 2 l explaining the independence of the reaction rate on the 
CO pressure. After the oxidative addition, CO insertion into the alkyl-Rh bond 
takes place. CO up-take gives an 18 electron complex that decomposes under 
reductive elimination of acetic acid iodide into [Rh\CO) 2 l 2 ] . In a second half 
cycle the iodide reacts with methanol producing acetic acid and methyl iodide. 
Although the acetic acid selectivity in this process is 99 % at low CO pressure (as 
low as 1 bar), in the last decade a new improved methanol carbonylation process 
emerged based on Ir as catalyst metal (Cativa™ process). Starting in the early 
1990"s researchers of BP discovered that Ir catalysts provide high carbonylation 
activity even at low water content. This is a significant advantage compared to the 
Rh-based process because the catalyst is more stable and fewer by-products are 
formed. In addition also CO efficiency is advantageous compared to the 
Montsanto process. The active catalyst in the Cativa™ process is [Ir (CO) 2 l 2 l . The 
catalytic cycle is similar to the Rh process, however a different rate determining 
step is involved. Interestingly the performance of the Ir catalyst is improved by 
adding promotors such as Zn, Cd, In iodides or carbonyl complexes of Re, Ru, Os, 
W. Apparently these .promoters abstract iodide from [IrCH 3 (CO) 2 l 3 ] thereby 
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facilitating the formation of the corresponding acyl complex. So far 4 acetic acid 
plants of BP use this new technology. 



CH 3 OH CH 3 COOH 






Scheme 12: Rhodium-catalyzed carbonylation of methanol. 



Apart from bulk production, carbonylation reactions of aryl and benzyl halides 
have attracted interest of the fine chemical industry. Basically, these three 
component coupling reactions offer numerous possibilities for the selective 
synthesis of aromatic carbonyl compounds, especially carboxylic acid derivatives 
(acids, esters, amides). Additionally, aldehydes and ketones are accessible in a 
similar way (Scheme 13) [25]. 




380 M. Beller 




n = 1, 2 

X = I, Br, Cl, N/, OSO^R, Art, 10,, SO, Cl 
M = Na, K, BR„ AIR,, SnR,, SiR 3 

Nu^ = OH, OR, NR,, F, Cl; Nu^ = H, alkyl, aryl, alkenyl, alkynyl, CN, RCO, 



Scheme 13. Carbonylation of aryl-X derivatives. 

An example for a carbonylation reaction applied for fine chemical production is 
Hoechst-Celanese's synthesis of Ibuprofen which is one of the important non- 
steroidal anti-inflammatory agents. The reaction sequence consists of the p- 
acetylation of wo-butylbenzene in liquid HF, reduction of the resulting 
acetophenone to the corresponding benzylic alcohol in the presence of a Pd/C 
catalyst and subsequent palladium-catalyzed carbonylation in cone. HCl to yield 
the target molecule (Scheme 14) [26]. 

This catalytic route is nowadays the main industrial production process (> 3500 
t/a) for Ibuprofen due to the greatly reduced number of steps and the lower amount 
of by-products compared to the original Boots process. 




Scheme 14. Synthesis of Ibuprofen. 

Among the carbonylation reactions of aryl halides, those of heteroaryl halides 
were of special interest to industrial research groups. This methodology provides 
an easy access to valuable intermediates for the manufacture of herbicides and 
pharmaceuticals. One example for the industrial application of a palladium- 
catalyzed carbonylation reaction is the synthesis of Lazabemide, a monoamine 
oxidase B inhibitor by Hoffmann-La Roche. The original 8-step laboratory 
synthesis of Lazabemide could be replaced by a one step protocol starting from 
2,5-dichloropyridine (Scheme 15) [27]. The product was isolated in 65 % yield. 
Traces of palladium in the product could be removed by appropriate work-up, 
because only small amounts of catalyst have to be used (TON = 3000). 

In addition to aryl- and vinyl-X starting materials palladium-catalyzed 
carbonylations take place smoothly with allyl- and benzyl-X (X = Cl, Br, I, OAc, 
OC(0)R, etc.) compounds. Apart from the synthesis of Ibuprofen the industrially 
interesting carbonylations of benzyl chloride to give phenyl acetic acid [28] or N- 
acetyl phenyl alanine [29] have been studied. 
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Scheme 15. Synthesis of Lazabemide. 





NHo • HCl 



The most recent successful example of this chemistry is Clariant's process for 
the production of isochroman-3-one starting from o-xylylene dichloride (Scheme 
16). In the highly efficient one step reaction sequence a palladium/ phosphine- 
catalyzed carbonylation and subsequent lactonization is performed in the presence 
of water in NMP as the solvent. Advantageously in this reaction a suitable 
(tertiary) alkanol instead of a base can be used for neutralization of hydrochloric 
acid resulting in the formation of the corresponding alkyl chloride [30]. 




Pd/PRa 

► 

CO/H 2 O/NMP 




Scheme 16. Synthesis of isochroman-3-one by Clariant. 

Future challenges for C-X carbonylations include direct reactions of alcohols. 
Even better would be the selective carbonylation of C-H bonds. Although some 
special examples demonstrate that such reactions are indeed possible, still general 
methodologies have to be developed. 



3. other (Bulk) OleBn Refinement Reactions 

Similar to the carbonylation other important homogeneous catalytic reactions of 
olefins involve the addition of olefin to a transition metal hydride complex. The 
resulting alkyl complex can then undergo various functionalization reactions. 
Important examples include dimerization and oligomerization of olefins, 
cyclodimerization, telomerizations, hydrocyanation, catalytic hydroborations, 
hydroaminations and of cause hydrogenation and hydrosilylation. 

Due to the limited space of this chapter only few important industrial examples 
will be mentioned. For more detailed information the reader is referred to an 
excellent monograph of homogeneous catalysis. 

Low molecular weight olefins are dimerized in the presence of cationic nickel 
complexes [31]. The general reactivity decreases in the order ethylene > propylene 
> butene. The reactions proceed via olefin addition into Ni-H complexes and 
subsequent B-hydride elimination. In the presence of sterically demanding 
phosphines the formation of tail-to-tail dimers is favored. Today the regioselective 
dimerization of propene is done on commercial scale by Sumitomo and BP. The 
selective dimerization of ethylene to give 1 -butene is observed in the presence of 
titanium catalysts. The high selectivity obtained is due to the formation of a 
titanacyclopentane. This reaction (Alphabutol® process of IFF) does not involve 
hydride intermediates, hence double bond isomerization is not taking place. 

Related to olefin dimerization reactions is the oligomerization of olefins. Here, 
the reaction of ethylene to give a-olefins is of significant importance, because the 
products are versatile intermediates for the chemical industry. Ethylene 




382 M. Beller 



oligomerization is performed as one step of the Shell Higher Olefin Process 
(SHOP), which was basically developed to produce a-olefins for detergents. The 
SHOP constitute of ethylene oligomerization, isomerization of the resulting C^-Cj^ 
and € 20 ^ olefins and metathesis of the lower and higher internal olefins. The 
oligomerization reaction is run preferentially in 1,4-butanediol in which the 
catalyst, but not the resulting products are soluble. This was probably the first 
commercial example of a liquid/liquid biphasic reaction system. As catalyst nickel 
complexes such as the ones shown in Scheme 17 are employed [32]. Nowadays 
approximately 1 million tons of a-olefins per year are produced by this process. 



Ph Ph Ph Ph 




Scheme 17. Nickel complexes for ethylene oligomerization. 

Olefin dimerization and oligomerization reactions can also be performed in an 
intramolecular manner. This reactions are called cyclodimerization or cyclo- 
oligomerization reactions [33]. For application the cyclodimerization and - 
trimerization of 1,3-butadiene in the presence of nickel/phosphine or phosphite 
catalysts to give cyclooctadienes and cyclododecatrienes, respectively are pro- 
minent examples. 

A special type of olefin dimerization in the presence of nucleophiles is the so- 
called the telomerization. This reaction assembles simple starting materials in a 
100 % atom efficient manner to give octadienes [34]. In general, the telo- 
merization reaction is the dimerization of two molecules of a 1,3-diene in the 
presence of an appropriate nucleophile HX, e.g. alcohols, [35] to give substituted 
octadienes (1 -substituted 2,7-octadiene, 3-substituted 1,7-octadiene). The resulting 
compounds are useful as intermediates in the total synthesis of several natural 
products as well as in industry, especially as precursors for plasticizer 
alcohols, [36] important monomers, solvents, corrosion inhibitors and non-volatile 
herbicides [37]. For industry 1,3-butadiene and methanol are the most attractive 
starting materials due to their ready availability and their exceedingly low price. 
Apart from the desired product l-methoxyocta-2,7-diene (1), the 3-substituted 
octa- 1,7-diene (2) (/ 50 -product), 1,3,7-octatriene (3) (formed by the linear 
dimerization of butadiene) and - less importantly - 4-vinylcyclohexene (4) 
(formed by the Diels-Alder reaction of two molecules of butadiene) are observed 
as major by-products in this reaction (Scheme 18). 
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Scheme 18. Telomerization reaction of 1,3-butadiene with methanol. 

The mechanism of the palladium-catalyzed telomerization reaction has been 
carefully examined (Scheme 19) [38]. Recently, it has been shown that the main 
principle which governs the n/ iso (1/b) selectivity of the octadienyl products is an 
internal coordination of the olefinic side-chain. Hence, one should avoid a large 
excess of coordinating ligands. Unfortunately using phoshines as ligands it is 
necessary to use an excess of phosphine in order to stabilize the palladium catalyst 
appropriately at low catalyst concentration. Recently, palladium complexes based 
on carbene ligands, which are more strongly bound to the metal center, led to 
improved catalysts for this reaction [39]. 

Industrially applied is the telomerization reaction by Kuraray. The company 
produces ca. 5000 t/a of 1-octanol in a two step procedure consisting of telo- 
merization of 1,3-butadiene with water to yield 2,7-octadien-l-ol and subsequent 
heterogeneous nickel-catalyzed hydrogenation of both double bonds [40]. Here, 
for stabilization of the palladium catalyst not a phosphine ligand itself is employed 
in the process but an alkyl phosphonium salt which is believed to be in 
equilibrium with the corresponding tertiary phosphine under reactions conditions. 
Remarkable selectivities of more than 90 % are observed. However, the catalyst 
activity and productivity are relatively low, preventing the use of this chemistry in 
the synthesis of commodities. 
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Scheme 19. Mechanism of the palladium-catalyzed telomerization reaction. 



A different type of olefin refinement reaction represent the addition of nucleo- 
philes to olefins. Examples include the catalytic hydroamination, hydrocyanation, 
hydroboration and Wacker reaction of olefins. However, in general carbon- 
heteroatom bond forming reactions are only used rarely in industrial laboratories. 
Hence, practical methods for the direct transformation of unfunctionalized olefins 
to alcohols or amines particularly to industrially important linear anti- 
Markovnikov products are rare. Catalysis is obligatory for such conversions and 
hence the functionalization of olefins with ^zn//-Markovnikov regioselectivity is 
viewed as one of the major challenges of catalysis [41]. Active research work in 
this field for the past years shows possibilities of a few catalytic routes for this 
transformation [42]. For instance, the amine can be activated by oxidative addition 
to a transition metal, which allows insertion of the alkene into the M-N or M-H 
bond, thereby promoting the hydroamination catalytically (Scheme 20). 



+ L,M 
H-NR2 
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Scheme 20. Catalytic hydroamination of olefins via oxidative addition of the amine to a 
transition metal. 
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Actinides [43] and early transition metal complexes [44] can activate the amine 
by converting it into the coordinated imide M=NR and enable the reaction of C-C 
multiple bonds with the M-N bond (Scheme 21). 



+ L«MR'o 
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Scheme 21. Catalytic hydroamination of alkynes via metal imide species. 

Also strong bases or strongly electropositive metals like alkali, alkaline earth or 
the lanthanide group elements, [45] can deprotonate amines to give more nucleo- 
philic amides, which can undergo addition to certain olefins. In addition to the 
activation of the amino group, C-C multiple bonds can also be activated towards 
hydroamination by late transition metals [46]. Here, the nucleophilic attack of 
amines on the unsaturated C-C bond is facilitated by coordination of the olefin 
(alkyne) to an electrophilic transition metal center: p-hydride elimination from the 
resulting 2-aminoalkylmetal complex leads to the oxidative amination product and 
protonolysis leads to the hydroamination product (Scheme 22). 
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Scheme 22. Amination via activation of olefins. 



Aliphatic nitriles are easily produced via hydrocyanation of olefins. The 
commercial interest in this methodology mainly stems from the DuPont's 
adiponitrile process. Here, 1,3-butadiene is first monocyanated in the presence of a 
nickel phosphite complex into a mixture of 3-pentenenitrile and 2-methyl-3- 
butenenitrile (70:30). Subsequent isomerization in the presence of a nickel catalyst 
and a Lewis acid give 3- and 4-pentenenitriles. The final step consists of a second 
nickel-catalyzed hydrocyanation in the presence boron compounds (Scheme 23). 
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Scheme 23. DuPont's adiponitrile process. 

Recently, asymmetric hydrocyanation reactions, e.g. of substituted styrenes to 
give valuable intermediates for chiral aryl propionic acids, have been studied in 
more detail. Chelating bisphosphinites based on carbohydrates and phosphor- 
amidites were found to be excellent ligands for these reactions. 

4. Selected Catalytic CC-coupling Reactions 
for the fine Chemical Industry 

Compared to the petrochemistry and the bulk chemical industry the area of fine 
chemical synthesis is expected to grow more rapidly in the future because fine 
chemicals are essential feed stocks for pharmaceuticals, agrochemicals and "life 
style" products, all manufactured by the emerging "life science" companies. 
Hence, the interest in fine chemicals has been increased both in industry and 
academic laboratories. In general two different definitions are used commonly for 
fine chemicals. On the one hand fine chemicals are defined through their 
production volume (less than 1 t up to ca. 10,000 t per year), on the other hand it 
is a product related specification (intermediates for active substances, food 
additives, fragrances, special tensides, dyes, etc.). In general, fine chemicals are 
characterized by a comparatively complex molecular structure containing various 
functionalities and often stereogenic centers. Their syntheses include several steps 
resulting in a significant increase in value. Often product life times (< 10 up to 30 
years) are significantly lower compared to those of bulk chemicals. 

Palladium-catalyzed coupling reactions offer numerous interesting possibilities 
for fine chemicals synthesis [47]. Based on methodological developments 
achieved by a number of academic (and industrial) groups since the early 1970's a 
number of new processes has been introduced. It is interesting to note that at the 
end of the 1980's only one or two refinement reactions of aryl halides (Scheme 
24) have been commercialized, while actually much more than 15 processes are 
currently applied in industry. 
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Scheme 24. Selected examples of palladium-catalyzed coupling reactions of aryl-X. 

After the original discovery of a couple of novel catalytic reactions (Heck, [48] 
Suzuki, [49] Stille, Sonogashira, Negishi, etc.) starting from aryl iodides and 
bromides for constructing relatively simple molecules, it has been shown in the 
last 15 years that these reactions can be applied efficiently to the synthesis of 
numerous organic building blocks, natural products, monomers for functionalized 
polymers and biologically important molecules. The main advantages of these 
coupling processes compared to classical synthetic methods are the ready avai- 
lability of the different starting materials, the generality of the methods and the 
broad tolerance of the palladium catalysts with various functional groups. 

In order to apply more and more of these reactions in the fine chemical industry 
still significant cost reductions of the generally developed lab-scale syntheses 
must occur. Efforts to substitute costly iodides or triflates by economically more 
attractive chlorides, reduction of catalyst concentration etc are to be seen in this 
respect. Typical examples of palladium-catalyzed CC coupling reactions are 
shown in Schemes 26-30. 
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Scheme 25. Mechanism of the Heck reaction. 

As an example of the mechanism of these reactions the simplified catalytic 
cycle of the palladium-catalyzed olefinations of aryl halides (Heck reaction) is 
shown in Scheme 25. Depending on the substrate and the reaction conditions the 
rate determining step is varying. Apart from aryl chlorides, which require special 
nucleophilic palladium catalysts, a variety of palladium complexes (both homo- 
geneous and heterogeneous), even colloidal systems can be applied. 

The Matsuda-Heck reaction of an aryl diazonium salt with 1,1,1-triflu- 
oropropene is one of the earliest examples of a palladium-catalyzed coupling 
reaction realized on an industrial scale. The reaction sequence was developed 
elegantly by Baumeister, Blaser and co-workers from Ciba-Geigy and is 
performed on a multi-ton scale by Novartis for the synthesis of the herbicide 
Prosulfuron [50]. 

This process was made economically feasible by combining diazotization of 2- 
aminobenzene sulfonic acid, subsequent palladium-catalyzed olefination and hy- 
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drogenation in a one pot sequence with an overall yield of more than 93 % (i. e., 
an average yield of 98 % per step; Scheme 26). 




Scheme 26. The industrial synthesis of Prosulfuron. 

Another interesting example of an industrial Heck reaction is the recently 
announced synthesis of Naproxen by Albermarle [51]. Here, 2-bromo-6-meth- 
oxynaphthalene is coupled with ethylene in the presence of a palladium catalyst 
with a sterically hindered basic phosphine ligand [52]. Known palladium- 
catalyzed hydrocarboxylation of 2-methoxy-6-vinylnaphthalene and subsequent 
resolution gives access to Naproxen (Scheme 27). Other profenes, e. g. 
Ketoprofen, can be produced by a similar reaction sequence. 




O 
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Scheme 27. Naproxen synthesis by Albermarle. 

Similar alkenylations of aryl bromides with ethylene have been studied by de 
Vries from Dow Chemical in order to make high-purity 2- and 4-vinyltoluenes 
which are of interest as co-monomers for styrene polymers [53]. 

In the area of pharmaceuticals such palladium-catalyzed Heck reactions are 
increasingly applied. An example include a practical route to a new class of LTD^ 
receptor antagonists, which was developed at Merck [54]. In the synthesis of a 
very similar active compound, the asthma drug Montelukast Sodium (Singulair, 
MK-0476 by MSD),[55] the intermediate phenethyl moiety (which is 
subsequently transformed to the thioether) is built up by the Heck coupling of 
methyl 6>-iodobenzoate with the substituted 3-arylpropene-3-ol and in situ 
isomerization of the primarily formed unsaturated alcohol (Scheme 28). 
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Scheme 28. Syntheses of L-699,392 and Montelukast Sodium. 

Pfizer's Eletriptan,[56] a potent partial agonist for the treatment of 

migraine, has completed Phase III trials. As in the case of Prosulfuron, aromatic 
alkylation is realized by a combination of Heck alkenylation and following 
hydrogenation of the resulting styrene derivative. Palladium(ll) acetate and tri(o- 
tolyl)phosphine are used as the catalyst system. 

In the area of Suzuki couplings the coupling of 4-tolylboronic acid and 
2-chlorobenzonitrile to yield 2-cyano-4*-methylbiphenyl was applied at Clariant. 
This process was originally developed in the Central Research laboratories of 
Hoechst AG[57] but then has been transferred to Clariant. Surprisingly, the use of 
a simple palladium/sulfonated triphenylphosphine (TPPTS) catalyst gives high 
yield (> 90 %) of the desired biphenyl derivative (Scheme 29). The polar catalyst 
can easily be recycled by separating the two phases which form at the end of the 
reaction. The product 2-cyano-4*-methylbiphenyl that forms the organic layer is 
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used as a building block for the commercial synthesis of AT II antagonists. Merck 
also uses the Suzuki coupling as a key step in its synthesis of Losartan, but the 
synthesis strategy is a more convergent one [58]. 




Scheme 29. Hoechst (Clariant) process for 2-cyano-4*-methylbiphenyl. 

Other examples of industrial Suzuki reactions have been developed by Merck 
KG (Germany) for the synthesis of NLO materials [59]. In addition to Heck and 
Suzuki reactions, alkyne coupling reactions with aryl or vinyl halides 
(Sonogashira coupling reactions) have been realized on an industrial scale as well. 
Examples are members of a new class of LTD^ receptor antagonists and Ter- 
binafin,[60] which is the active agent of Sandoz's broad-spectrum antimycotic 
Lamisil. An important step in the synthesis of Terbinafin is the palladium- 
catalyzed coupling of a substituted alkenyl chloride with r^rr-butylacetylene 
(Scheme 30). 




Scheme 30. Sandoz (Novartis) process for Terbinafin. 

In addition to already realized processes there is an enormous demand for 
efficient transition metal-catalyzed processes for the manufacture of fine 
chemicals in the future. 

In addition, relatively new coupling procedures such as the amination of aryl 
halides [61] may find application in industrial fine chemical synthesis. But also 
double carbonylations,[62] cyanations,[63] Grignard couplings[64] and other 
palladium-catalyzed reactions which have received only little attention in 
industrial organic synthesis so far may become interesting to fine chemical 
synthesis after significant improvements. As starting materials are aryl chlorides 
especially attractive. Significant advancements towards efficient activation of C- 
C1 bonds have been reported [65, 66, 67]. 
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5. Oxidation Reactions 

5.1 Oxidations of Aromatic Compounds Aspects 

The transition metal catalyzed oxidation of alkyl aromatics repesent one of the 
largest industrial- scale applications of homogeneous catalysis. Here, of special 
importance is the oxidation of p-xylene to give terephthalic acid derivatives. 



Co/Mn catalyst 



^2 

CO2H 





Scheme 31. Air oxidation of p-xylene. 

Originally nitric acid was used for this oxidation. The Witten process 
developed in the 1950's displaced this reaction. In the Witten process p-xylene is 
initially oxidized using air at 140-180° in the presence of cobalt/manganese 
catalyst systems to give the mono carboxylic acid. After esterification with 
methanol, subsequent oxidation and esterification leads to dimethyl terephthalate 
(DMT) in approximately 90%. The mechanism of these air oxidations involve 
radical chain reactions. Primarily a benzyl radical is formed by the electron 
transfer from xylene to cobalt(III). In contrast to the Witten process the Amoco 
process for terephthalic acid uses acetic acid as solvent. Here, the diacid is 
obtained in 95% yield in one step directly from p-xylene at 175-230°C. As a free 
radical source bromide ions are applied in the Amoco process. 

In the area of fine chemicals different substituted toluenes (e.g. p-nitrotoluene, 
chlorotoluenes) are oxidized to a variety of substituted benzoic acids, which serve 
as intermediates for pharmaceuticals, agrochemicals and advanced materials. 



5.2 Epoxidation and Dihydroxylation Reactions 

The oxidative functionalization of olefins is of major importance for both organic 
synthesis and the industrial production of bulk and fine chemicals [68]. Among 
the different oxidation products of olefins, epoxides and 1,2-diols are used in a 
wide variety of applications. Epoxides, e.g. propylene oxide serve as starting 
material for bulk polymers. Approximately 45% of the 3 million tons of propylene 
epoxide produced annually are made by the so-called Oxirane process (Halcon or 
Arco process). The oxidation reaction uses an alkyl hydroperoxide in the presence 
homogeneous catalysts based on molybdenum, vanadium, tungsten, titanium, and 
other metals. In general molybdenum catalysts give the best selectivity and highest 
rate. In the commercial process the alkyl hydroperoxide is in situ generated from 
either isobutane or ethylbenzene. Hence, as co-products tert. butanol (which is 
converted further on to MTBE) or 1-methylbenzylalcohol (which is converted to 
styrene) are generated. 

Also, ethylene- and propylene glycol are produced on a multi million ton scale 
per annum, due to their importance as polyester monomers and anti-freeze agents 
[69]. A number of epoxides and 1,2-diols such as styrene epoxide, glycidol, 2,3- 
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dimethyl-2,3 -butanediol, 1,2-octanediol, 1,2-hexanediol, 1,2-pentanediol, 1,2- and 
2,3-butanediol are of interest for the fine chemical industry. Chiral epoxides and 
1,2-diols are employed as intermediates for pharmaceuticals and agrochemicals. 
The synthetic utility of asymmetric epoxidations is nicely demonstrated by the 
Sharpless epoxidation of allylic alcohols (Scheme 32) [70]. As oxidant tert. butyl 
hydroperoxide (TBHP) is employed in the presence of titanium tetraisopropoxide 
and diethyl tartrate (DET) as chiral ligand. While the original procedure required 
stoichiometric amounts of titanium alkoxides and chiral ligand, the addition of 
molecular sieves allowed a catalytic reaction. 

Ti(OiPr) 4 , DET 

OH * 

TBHP 





Scheme 32. Sharpless epoxidation of allylic alcohols. 

Apparently this method is used for producing (R)- and (5)-glycidol on a 
commercial scale. 

It is interesting to note that asymmetric epoxidations of unfunctionalized 
olefins proceed in a general way only with chiral manganese salen complexes, 
which were independently developed by Jacobsen and Katsuki et al. (Jacobsen 
epoxidation) [71]. There is still a need for more general and improved catalysts in 
this area. Importantly, similar salen complexes of other metals have been used as 
catalysts in efficient kinetic resolution reactions of epoxides. 

The dihydroxylation of olefins is catalyzed by osmium, ruthenium or man- 
ganese 0X0 species. The osmium-catalyzed variant is the most reliable and 
efficient method for the synthesis of cw- 1,2-diols [72]. Using osmium in catalytic 
amounts together with a stoichiometrically used secondary oxidant various olefins, 
including mono-, di-, and trisubstituted unfunctionalized as well as many 
functionalized olefins, can be converted to the corresponding diols. Since OsO^ as 
an electrophilic reagent reacts only slowly with electron-deficient olefins, higher 
amounts of catalyst and ligand are necessary in these cases. Recent studies have 
revealed, that these substrates react much more efficiently when the pH of the 
reaction medium is maintained on the acidic side [73]. On the other hand it was 
found, that providing a constant pH value of 12.0 leads to improved reaction rates 
for internal olefins [74]. Since its discovery by Sharpless and co-workers the 
catalytic asymmetric dihydroxylation (AD) has significantly enhanced the utility 
of osmium-catalyzed dihydroxylation (Scheme 33) [75]. 
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Scheme 33. Osmylation of olefins. 



The problem of (enantio)selectivity has largely been solved through extensive 
synthesis and screening of cinchona alkaloid ligands by the Sharpless group. In 
the past several reoxidation processes for osmium(VI) glycolates or other 
osmium(VI) species have been developed. Historically, chlorates [76] and 
hydrogen peroxide [77] were first applied as stoichiometric oxidants, however in 
both cases the dihydroxylation often proceeds with low chemoselectivity. Other 
reoxidants for osmium(VI) are tert-h\xiy\ hydroperoxide in the presence of 
Et^NOH [78] and a range of A^-oxides such as A^-methylmorpholine A^-oxide 
(NMO) [79] (Upjohn process) and trimethylamine A^-oxide. K 3 [Fe(CN)J gave a 
substantial improvement in the enantioselectivities in asymmetric 
dihydroxylations when it was introduced as a reoxidant for osmium(VI) species in 
1975. Today the “AD-mix”, containing the catalyst precursor K 2 [ 0 s 02 ( 0 H)J, the 
cooxidant K 3 [Fe(CN)J, the base K 2 CO 3 , and the chiral ligand, is commercially 
available and the dihydroxylation reaction is easy to carry out. But the production 
of overstoichiometric amounts of waste remains as a significant disadvantage of 
the reaction protocol. More recently it was reported that the osmium-catalyzed 
dihydroxylation of aliphatic and aromatic olefins also proceeds efficiently in the 
presence of dioxygen at ambient conditions. As shown in Table 2 the new 
dihydroxylation procedure constitutes a significant advancement compared to 
other reoxidation procedures. 

It should be noted that only salts and by-products formed from the oxidant have 
been included in the calculation. Other waste products have not been considered. 
Nevertheless the numbers presented in Table 2 give a rough estimation of the 
environmental impact of the reaction. 
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Table 2. Comparison of the dihydroxylation of a-methylstyrene in the presence of different 
oxidants. 



Entry 


Oxidant 


Yield 

[%] 


Reaction 

conditions 


ee [%] 


TON 


Waste 
[kg/kg did] 


1[80] 


K 3 [Fe(CN)J 


90 


0°C 

K^LOsO^COHiJ 

'BuOH/Hp 


94“ 


450 


8 .r 


2 [81] 


NMO 


90 


0°C 

OSO 4 

Acetone/H 20 


33 * 


225 


0 . 88 " 


3 [82] 


PhSeCH^Ph/ 


89 


12°C 


96“ 


222 


0.16" 




0 , 

PhSeCHjKi/a 


87 


K2 [Os02 (OH)J 

^BuOH/H^O 


93“ 


48 


0.16' 


4 [83] 


U" 

NMM/Ra- 


93 


RT 

OSO 4 

Acetone/H 20 


“ 


46 


0.33^ 


5 [84] 


0 , 


96 


50°C 

K 2 [ 0 s 02 ( 0 H) 4 l 

'BuOH/aq. 


8 (f 


192 


- 


6 [85] 


NaOCl 


99 


0°C 

K 2 [ 0 s 02 ( 0 H) 4 l 

'BUOH/H 2 O 


91“ 


247 


0.58® 



Ligand: Hvdroquinidine 1,4-phtalazinediyl diether. ^ Hydroquinidine p-chlorobenzoate. 
^KJFe(CN)J ^V-Methylmorpholine (NMM). ThSe( 0 )CH 2 Ph. ^NMO/Flavin-OOH. ' NaCl. 

5.3. Other Oxidation Reactions 

In addition to the aforementioned reactions numerous other oxidation reactions 
play an important role in homogeneous catalysis. Due to the scope of this chapter 
only a few other examples should be named. Historically the oxidations of olefins 
to aldehydes or ketones represent an key development. Especially the oxidation of 
ethylene to acetaldehyde in the presence of palladium(II) salts and copper(II) 
chloride (Wacker process). As terminal oxidant oxygen is used which reoxidizes 
Cu(I) to Cu(II), which in turn oxidizes Pd(0) to Pd(II). The produced acetaldehyde 
served as starting material for acetic acid, which is nowadays produced more 
economically via carbonylation from methanol. 

In the area of more specialized products the oxidation of functional groups 
represent a powerful tool for synthesis. Important methods include the selective 
oxidation of alcohols to aldehydes in the presence of perruthenate, the direct 
oxidation of alcohols to carboxylic acid derivatives in the presence of a variety of 
metal complexes, and the selective oxidative cleavage of double bonds in the 
presence of ruthenium complexes. Most of these oxidation reactions proceed 
under remarkably mild reaction conditions with high selectivity compared to 
heterogeneous catalysis. Clearly both disciplines could benefit from a closer 
collaboration within this area. 
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Abstract. About 50 % of all plastics are produced by catalytic processes. Organometallic 
compounds such a lithiumbutyl, titanium iodides are used for the polymerisation of 1,3- 
butadiene and styrene. Great industrial importance has the production of polyethylene and 
polypropylene by Phillipps- and Ziegler-Natta catalysis. Beside these classical catalysts, 
catalysts such as metallocenes, half- sandwich, nickel, palladium, and iron complexes have 
been synthesized - that give tailored polymers of totally different structures and allow to 
control the polymer tacticity, molar mass and molar mass distribution more efficient. New 
kinds of copolymers and elastomers can be synthesized. It has become possible to polymer- 
ize cyclic olefins with different zirconocenes or nickel and palladium catalysts without any 
ring opening reaction. 



1. Introduction, Importance 

Polymers are materials with an annual growth rate of 5 to 7 % which is high as 
compared to other materials. While 1990 the world plastics production was 100 
million tons, in 1997 it was 150 million tons, and is estimated to reach 220 million 
tons in 2005 [1,2]. More than 50 % of all plastics are produced by a catalytic proc- 
esses. The polymerisation of olefins by organometallic catalysts is the most impor- 
tant catalytic process in the organic chemical industry. It accounts for more than 
10 % of all profits made with these catalysts. In 1999 the production of linear low- 
density polyethylene (LLDPE), high density polyethylene (HDPE) and isotactic 
polypropylene (PP) reached 65 million tons including 5 million tons of HDPE 
produced by Phillips catalysts. 

Anionic catalysts such as lithium butyl and sodium naphthyl have a long tradi- 
tion for polybutadiene production. 

Cationic and metathesis catalysts are used for the production of polyisobutylene 
or other elastomers [3]. In some aspects, even free radical polymerisation 
processes using peroxides, butyronitriles and other compounds as initiators can be 
discussed as catalytic processes. In this case, over 80 % of the industrial plastic 
production is based on catalytic processes. Due to the different mechanism of the 
free radical polymerisation, this reaction is not a part of the following chapter. 

One of the first industrial catalytic polymerisation processes was the production 
of polybutadiene (butadiene-rubber, BR) by sodium naphthyl in the years 1918 to 
1925 (BUNA, Germany). The synthesis of neoprene starting from 2-chloro- 
butadiene by DuPont, USA, followed. 1954 the cationic polymerisation of isobu- 
tene led to a new rubber material (IR) with a low permeability for oxygen and air 
which can be used in the production of tubeless tires. In the following years, poly- 
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butadienes with new microstructures and other elastomers (ethylene-propylene 
rubber, EPR), made by different catalysts, followed. The world production of syn- 
thetic rubber reached eleven million tons, including about 1,5 million tons of BR, 
in 1998. 

Karl Ziegler’s use of transition metal halides and organoaluminium compounds 
as catalysts for the polymerisation of ethylene and Giulio Natta’s extension of 
these systems to the synthesis of stereoregular poly(a-olefins) are two of the ma- 
jor achievements in the areas of catalysis and polymerisation in the last 50 years. 
They led to the development of a new branch of the chemical industry. For their 
work, K. Ziegler and G. Natta were awarded the Nobel prize in 1963. 

Since the first generation of Ziegler-Natta catalysts based on TiCl 3 /AlEt 2 Cl, 
which were characterized by their low polymerisation activities, thousands of pa- 
pers and patents have been published related to this subject (for reviews see [ 3 - 
11]). A highly active second generation of catalysts has been generated and com- 
mercialized supporting the titanium compound by MgCl 2 , Si 02 or AI 2 O 3 . Recently, 
a new generation of Ziegler-Natta catalysts based on group 4 metallocenes or 
other transition metal compounds and methylaluminoxane or perfluorinated 
phenylborate as cocatalysts are on their way to commercialisation. 



2. Anionic Polymerisation 

The anionic polymerisation plays an important role in the rubber synthesis and in 
the ring opening polymerisation of lactones and of alkylene oxides. These reac- 
tions proceed via metal organic sites such as carbanions or oxanions with their 
metallic counterions. Carbanion catalysts are nucleophiles and the attack onto a 
monomer bearing an electro-attractive substituent for the propagation reaction. 
Thus, a new carb-anionic site is formed at the chain end [ 6 , 12]. 

P0I-CH2-CH I + CH2 = CH ^ P0I-CH2-CH-CH2-CH I 

II II (1) 

R R R R 

The same happens for the ring opening polymerisation of cyclic monomers 
containing some functions such as oxiranes or lactones. 

Industrial polymers made by anionic polymerisation are polybutadiene (BR), 
styrene-butadiene copolymers, acrylonitrile-butadiene copolymers, polychloro- 
prene, polyisoprene, polyamide 6 (PA 6 ), polylactones, polyethers, etc. 



2.1 Polybutadiene 

The anionic polymerisation of 1,3-butadiene by butyl lithium is the most used in- 
dustrial process for the production of BR [13]. About 40 % of the total BR produc- 
tion is based on this process. The rest quantity of BR is manufactured using differ- 
ent Ziegler catalysts (see 5.2.3). 
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Butadiene can polymerize via 1,4 cis, 1,4-trans or 1,2-linkage: 



C 

1 ,4 - cis 1 ,4 - trans 1 ,2 (vinyl) 

The 1,2-linkage yields a tertiary carbon atom, which allows the formation of 
isotactic, syndiotactic, and atactic structure units in analogy to polypropylene. 
Metal alkyls, preferably of alkali metals, catalyze as an initiator the anionic po- 
lymerisation of butadiene. The polarisations of the catalyst and of the solvent have 
a strong influence on the stereospecificity of the formation of different polybuta- 
diene microstructures (Table 1) [14]. Lithium alkyls in hexane give a 

Table 1. Selectivities for various microstructures of Poly( 1,3-butadiene) in relation to the 
Initiator 



-c c--- 



/ 



c=c 



---c 









Microstructure selectivitv (%) 


Initiator 


Solvent 


cis 


trans 


1,2 


QH^Li 


Hexane 


43 


50 


7 


QH5Li 


TEIF 


0 


9 


91 


CH.iy.i 


Hexane 


35 


55 


10 


C,ALi 


THF 


0 


3,6 


96,4 


CioHjNa 


THF 


0 


9,2 


90,8 


c,AK 


THF 


0 


17,5 


82,5 


CioHgRb 


THF 


0 


24,7 


75,3 



polymer with the greatest trans- 1,4 portion. The stereospecificity is also influ- 
enced by the catalyst concentration, the temperatures, and the associative behav- 
ior. In more concentrated solutions, alkyllithium, especially butyllithium, which is 
a preferred initiator, forms hexameric associates that are dissociated in several 
steps to give finally monomers [15-20]. Only monomeric butyllithium is suitable 
for the insertion. Isobutyllithium shows an association grade of 4 in cyclohexane. 
Branched alkyl groups show higher activities than n-alkyl groups. As postulated 
by the kinetic model for a very low initiator concentration, the reaction order is 1 
and decreases with increasing concentration. Following reactions take place [21]: 



Dissociation: 


(CH3-(CH,)3-Li), > 6 CH3-(CH3)3-Li 


(2) 


Start: 


CH3-(CH3)3-Li+CH=CH-CH=CH3 ^ 

CH,-(CH3)3-CH3-CH=CH-CH3-Li 


(3) 


Propagation: 


CH3-(CH3),-CH=CH-CH3-Li+CH=CH-CH=CH3 
> CH3-(CH3)3-(CH3-CH=CH-CH3)3-Li 


(4) 
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With hydrocarbons as solvents such as hexane, heptane, the rate of the starting 
reaction is up by a factor of 0.01 smaller than that of the propagation step. This 
difference is caused by the absence of a double bond in conjugation to lithium in 
butyllithium while octenyl lithium (see reaction 3) has such a double bond. The 
use of ether accelerates the starting reaction in such a way that propagation be- 
comes the rate-determining step [22]. 

In the absence of chain transfer reagents, the molecular weight increases stead- 
ily with increasing the conversion of the monomer. Thus, living polymers with 
very narrow molecular weight distribution MyM„=l,03 are obtained when the 
starting reaction is fast or when lithium octenyl is used as a starter (Poisson distri- 
bution). The average degree of polymerisation is equal to the ratio of the con- 
verted moles of monomer (starting concentration [M\) to the number of moles of 
initiator reacted. At the end of the polymerisation when all initiator has reacted, 
this ratio is similar to the total initiator concentration I. 

The average molecular weight can be calculated as follows: 

- [M]„ 

M„= x54 (5) 

[I]o 

The monomer consumption is then governed by the following rate equation: 
-d[M] 

= kp[IUM] (6) 

dt (kp = propagation rate constant) 

To improve the processability of linear polybutadiene with a narrow molecular 
weight distribution, one can continuously add initiator in the course of the polym- 
erisation, vary the reaction temperature, or force long-chain branching by addition 
of divinyl compounds [23]. Addition of small amounts of ethers or tertiary amines 
alters the vinyl content from some 12 % to more than 70 %. [17]. The microstruc- 
tures of the polybutadienes can be determinated by IR-NMR spectroscopy. X-ray 
diffraction, and other methods. The polymerisation in ethers requires low tempera- 
tures because of the high reactivity and low stability of the lithium alkyl in this 
solvent. Using n-hexane as a solvent, a butadiene concentration of 25 wt % and an 
adiabatic process starting by 20 °C will reach an end temperature of 130 °C. 
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2.2 Other Polydienes 

The homopolymerisation of isoprene 




H2C=C— CH=CH2 

can take place with a cis-1,4-, trans-1,4-, -1,2-, or 3,4-connection. 



C 9 r 

1 1 
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1 
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II 
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II 


II 
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cis -1,4 trans -1,4 


1,2 


3,4 



In addition, both 3,4- and 1,2-polyisoprenes can exist in three forms: isotactic, 
syndiotactic, and atactic. Thus, there are eight possible structures if head-to-head 
possibilities are disregarded. The part of the structure elements in the polymer de- 
pends on the catalysts. The same catalyst could also be used for the polymerisation 
of polybutadiene. In general, the polymerisation activity is lower. 

Highly cis-oriented polyisoprene (similar to natural rubber) can be synthesized 
by anionic polymerisation with alkyllithium compounds. The cis fraction is about 
93 %, the other 7 % are 3,4 connections. Up to 97 % cis content is possible by 
Ziegler-Natta catalysis. The cis content depends on the initiator and the monomer 
concentrations as well as on the temperature. Impurities such as acetylenes, car- 
bonyl compounds, hydrogen sulfide and water have to be removed. 

The polymer prepared by anionic polymerisation is highly linear without 
branching. Vacuum or seeding technique could be used for the synthesis of poly- 
isoprenes with an extremely narrow molecular weight distribution (M^/M^ = 1,05) 
[24]. In the case of the seeding technique the polymerisation is started with sepa- 
rately prepared polyisoprene of low molecular weight. Polar solvents such as 
ethers and amines have an influence on the microstructure, too [25]. 

Anionic polymerisation leads to polymers with an active lithium end group. 
This can be used for further reactions. By treatment with chlorsilanes, such as 1,2- 
bis(dichloromethylsilyl)ethane, a four-branched star-shaped polymer results; with 
l,2-bis(trichlorosilyl)ethane, a six-branched star-shaped polymer results. 

Polymers of some of the higher 2-alkyl- 1,3-butadienes result in vulcanizates 
with tensile strength and elasticity comparable to that of natural rubber. Poly(2- 
ethylbutadiene) and poly(2-phenyl-butadiene) are most important. 2-Ethyl- 1,3- 
butadiene can be polymerized in the same way as isoprene [26]. The polymer has 
a glass transition temperature of - 76 °C. A polymer enriched with trans-1,4 struc- 
tures is obtained by catalysis with VC13/TIBA. In contrast to trans-1,4- 
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polyisoprene, the product can be used as rubber, due to its reduced tendency to 
crystallize. 



2.3 Polyethers and Polyesters 

Oxiranes such as ethylene oxide, propylene oxide, and isobutylene oxide can be 
polymerized to polyethers by ring opening polymerisation initiated by alcoholates 
or other anionic compounds. In a similar reaction lactones, such as propiolactone 
or butyrolactone, are ring opened to polyesters. 

Polyethers are very useful polymer materials of great industrial importance. 
Poly- and oligoethers derived from oxiranes have been widely used as surfactants, 
plasticizer, adhesives, coatings, and as prepolymers for the production of polyure- 
thanes. Polymerisation of cyclic ethers is historically one of the oldest examples of 
the formation of macromolecules. The formation of oligomers of oxiranes was 
first reported by Wurtz in 1863 [27] and investigated systematically by Staudinger 
in 1929 [28]. The polymerisation of oxiranes with anionic initiators (X’M^) pro- 
ceeds via metal alkoxides acting as the growing species [29]. 

R 

I 

XM" + n C— C— R >X-(C— C— 0)„-M (7) 

\ / 

O 

In the case of a mono-substituted oxirane, such as propylene oxide, the oxirane 
ring is opened mostly at the oxygen atom-methylene carbon bond to produce a 
secondary alkoxide, leading to the formation of polymers consisting of regular 
head-to-tail linkages. 

The ring opening polymerisation of lactones by anionic initiators constitutes a 
convenient method of synthesis of main-chain polyesters possessing an aliphatic 
structure. This process is of importance because it is difficult to obtain some of 
these polymers by classical polyesterification methods. Some of the polyesters 
produced by ring opening polymerisation from lactones and diester lactones (e.g., 
glycolide) exhibit some unique properties as biodegradability, bioresorbability, 
and non-immunogenity, and, therefore, they are considered to be very interesting 
materials for medical applications [30]. Lactones are highly polar compounds that 
possess both nucleophilic and electrophilic sites in their molecules. Thus, numer- 
ous polyesters exhibiting a great variety of properties can be produced via ring 
opening polymerisation using a score of anionic, cationic, and complexation initia- 
tors. The same initiators as for the polymerisation of oxiranes can also be used. 



3. Cationic Polymerisation 

The cationic polymerisation of vinyl monomers has been known for a long time. 
All monomers with electron donating substituents, because of the polarisation of 
the double bond are sensitive to an electrophilic attack by a carbenium site and can 
therefore undergo cationic polymerisation. 
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Such monomers are, for example, isobutylene, vinylethers, vinyl acetals, sty- 
rene, N-vinyl pyrrolidone. In industrial cationic polymerisation processes isobu- 
tylene is mainly used as monomer. The solvents should be stable towards acids 
and should not react with electrophiles. 



3.1 Polyisobutylene 

The cationic polymerisation of isobutylene can be carried out as a precipitation re- 
action at temperatures below 0 °C with Friedel-Crafts catalysts (e.g., AICI 3 , BF 3 ) 
in chloromethane or other solvents [31]. The mechanism includes the following 
reactions: 

The molecular weights differs over a wide range from 3000 for viscous oily 
liquids up to 2 500 000 for elastic rubbery materials. To obtain high molecular 
weights, the polymerisation temperature and, along with it, the rate of the transfer 
reactions must be lowered. For example, at a temperature of 100 °C, poly (iso- 
butylene) of molecular weight 300 000 g/mol is obtained [32]. 

The reaction is strongly exothermic with a reaction enthalpy of 356 kJ/mol and 
is usually finished from seconds to a few minutes, even at low temperatures. The 
molecular mass is kept low by adding a-olefins and diisobutene. Addition of 0.25 
% of diisobutene, for instance, reduces the molecular weight from 260 000 to 45 
000. In contrast, the addition of organometallic amides [e.g., zinc bis(di- 
ethylamide), titanium tetra(diethylamide)] has the opposite effect, raising the mo- 
lecular weight to more than 1 million [33]. Poly(isobutylenes) have low glass tran- 
sition temperatures and thermal conductivity as well as high electrical resistivity 
and chemical resistance. They are soluble in hydrocarbons but insoluble in alco- 
hols. 
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Copolymers of Isobutene 

Isobutene can be copolymerised with numerous unsaturated compounds, such as 
butadiene, isoprene, styrene or indene, via a cationic route [34]. The isobutene 
portion in the copolymers usually exceeds 90 %. The use of aluminium organic 
compounds (e.g., AlEt 2 Cl) instead of aluminium trichloride permits a better con- 
trol of the copolymerisation as the former are weaker Lewis acids. Hydrogen chlo- 
ride or halogens must be added as cocatalysts capable of regenerating the carboca- 
tions. The organoaluminium catalysts are used at - 78 °C with boron trifluoride. 

Isobutene/isoprene copolymers (butyl rubbers) are the technically most impor- 
tant copolymers. The polymerisation is carried out as a continuous suspension po- 
lymerisation with 0,8 to 3 mol % isoprene in chloromethane. The isoprene is 
incorporated with a trans 1,4-linkage. 



4. Ring Opening Metathesis Polymerisation (ROMP) 

The metathesis polymerisation of cycloolefins as a ring opening reaction yields 
unsaturated poly hydrocarbons called polyalkenamers. Since several cycloolefins 
are inexpensive starting materials, their ring opening polymerisation has found 
commercial interest. The resulting polyalkenamers possess flexible chains and can 
be used as elastomers, which, after cross-linking of double bonds with sulfur. Ex- 
amples of such technically produced commercially available elastomers are poly- 
pentenamer, polyoctenamer (Vestamer), polynorbornene (Norsorex), and cross- 
linked dicyclopentadiene (Metton or Telene). Numerous reviews dealing with re- 
action mechanisms and preparative application of metathesis polymerisations have 
been published [35,36]. 

For the ROMP tungsten hexachloride/alkylaluminium/activator. Alkylalumin- 
ium compounds, such as triisobutylaluminium, Et 3 Al, Et 2 AlCl are used as cata- 
lysts; they are mixed with WCl^ which is pretreated by activators such as alcohols, 
phenols, or oxiranes to form W=0 bonds. The best effect is obtained at a W/0 ratio 
of 1:2. Table 2 shows some conditions of the ROMP for cyclopentene and no- 
rbomen [37,38]. Yields of up to 80 % are reached. The polymers have a high trans 
content. 

Table 2. Reaction conditions, yield and product select! vities of the polymerisation of 
cyclopentene (C) and norbomene (N) by ringopening metathesis polymerisation (ROMP) 
(conditions and polymer properties) 



1 1 


Catalyst 


Solvent 


Temp. 

°C 


Yield 

% 


cis 

% 


trans 

% 


c 


MoCl5/Et3Al 


- 


-30 


- 


99 


1 


c 


WCyiBu3Al 


Toluene 


0 


35 


9 


91 


c 


WClTEt^AlCl/EtOH 














+ aromatic ether 


Hexane 


0 


83 


17 


83 


c 


WCl/EtAlCl/C^H^OH 


Toluene 


20 


80 


<20 


>80 


N 


MoCyiBu3Al 


Heptane 


-20 




high cis 




N 


WCy(7c-C3H5)3Cr 


Toluene 


30 


100 


47 


53 
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The reaction mechanism of the metathesis of cycloolefins has been an object of 
numerous studies. It is generally accepted that there is an initial formation of a 
metal-carbene complex that reacts with one olefin via a metallocyclobutane transi- 
tion state to a new olefin and a complex with a new carbene ligand (Fig. 1). 

The ROMP of cyclopentene leads to a technically used polypentenamer with a 
high trans content. The polypentenamer can vulcanize with sulfur in analogy to 
polyisoprene or polybutadiene, but is less sensitive to oxidation. Also cyclooctene, 
which is available on dimerisation of butene, is used by ROMP forming a polyoc- 
tenamer. The polymer has between 50-80 % of trans bonds and contains a consid- 
erable fraction of cyclic oligomers and macrocycles. The trans content consists on 
the AlAV ratio. 



W=CH 



+ 



H 



H 



R 

1 


W 


W-CH 
1 1 


1 1 

C-H 


H— C— C— H 
/ \ 


(CH2)3 




H— C=CHR 



+ n cyclopentene 




R 



polypentenamer 



n+1 



ROMP 



HC=CH 






polynorbomenamer 



Fig. 1. Ring opening metathesis polymerisation 



5. Catalytic Olefin Polymerisation 



Activated organometallic compounds are able to insert 1 -olefins into the transition 
metal carbon bond. This step can be repeated up to 100 000 times until a transition 
metal hydride (alkyl) and a non-bonded polymer chain are formed by a hydrogen 
transfer reaction. The ethylene polymerisation using these catalysts results in a 
polymer exhibiting a greater density (high density polyethylene, HDPE) and crys- 
tallinity than the polymer obtained via radical high pressure polymerisation (low 
density polyethylene, LDPE) [8]. 
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The coordination catalysts for the polymerisation of olefins can be of very dif- 
ferent nature. They all contain a transition metal that is soluble or insoluble in hy- 
drocarbons, supported on silica, alumina, or magnesium chloride [39]. In most 
cases cocatalysts are used as activators. These are organometallic compounds con- 
taining elements of the groups I to III: e.g., AlEt 3 , AlEt 2 Cl, Al(/-Bu) 3 , ZnEt2.[40]. 

1. Catalysts based on titanium or zirconium halogenides or hydrides in connection 
with aluminium organic compounds (Ziegler catalysts). 

2. Catalysts based on chromium supported by silica or alumina without a 
coactivator (Phillips catalysts). 

3. Catalysts based on metallocenes or other transition metal complexes in connec- 
tion with aluminoxane or perfluorinated phenylborate. 

Propylene and higher 1 -olefins can only be polymerized by Ziegler-Natta cata- 
lysts. By copolymerisation of ethylene, propylene, other 1 -olefins cyclic olefins, 
or polar monomers, the product properties can be varied considerably, thus ex- 
tending the field of possible applications. The polyolefins are used for the produc- 
tion of packing materials, receptacles, pipes, films, domestic articles, car plastics, 
fails, and fibers. 

In the past only Ziegler and Phillips catalysts were used. In the recent years in- 
dustrial polymerisation is catalyzed also by metallocene and other transition metal 
complexes to produce polyolefins with a tailored microstructure. 



5.1 Phillips Catalysts 

In 1951 Hogan and Banks developed the Phillips process for ethylene polymerisa- 
tion [41]. Commercialisation of this process over the following 5 years provided 
the first linear polyethylene. Phillips began with the first commercial production 
of HDPE in 1956. Because there is no possibility to separate polymer from the 
catalyst; the process requires high catalysts - activity so that the minor amounts of 
the catalyst can remain in the final product. Today in most of the processes using 
the Phillips catalyst, a pipe loop reactor is applied to maximize the heat-transfer 
area and to minimize fauling tendencies. The polymer and the catalyst are circu- 
lated through the loop in a hydrocarbon slurry in which the reactant alkenes are 
dissolved. The hydrocarbon diluent must be a poor solvent for the polymer and the 
temperatures must be maintained below the „swelling point“ of the polymer. Oth- 
erwise it can become gelatinous and cause the fouling of the reactor. Light hydro- 
carbons have been used as diluents; operating temperatures are typically 75 - 
1 10 °C and reactor pressure less than 70 bar [42]. 

The Phillips catalyst is usually made by impregnation of a chromium com- 
pound onto a porous, high-surface-area silicate carrier (200 - 600 mVg), followed 
by a calcination in dry air at temperatures from 500 to 900 °C (Fig. 2). 
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Fig. 2. Formation of the Phillips catalyst by reaction of chromium trioxide with hydroxyl 
groups on silica 



The activation step converts the chromium into a hexavalent surface chromate, 
or perhaps dichromate ester, because each Cr atom is individually attached to the 
surface. The carrier is not inert but exerts a strong influence on the polymerisation 
behavior of the site. Hexavalent Cr is reduced by ethylene or other hydrocarbons 
in the reactor, probably to a Cr" or Cr"^ which acts as active species. Since Cr'"* is 
tetrahedrally coordinated, and the reduced species can be octahedral, the active 
site is thus coordinatively unsaturated and accepts readily alkenes. However, this 
same trait makes the catalyst very sensitive to small amounts of polar impurities in 
the feed stream, such as alcohols, water, amines, etc. Commercial catalysts usually 
contain 0,5 - 1,0 wt% Cr, but only a small fraction of this, perhaps 10-20 % or 
even less, is actually active in polymerisation reactions [42]. Alternatively, the re- 
duction can be accomplished prior to the contact of the catalyst with ethylene, by 
exposure to carbon monoxide at 350 °C. In this case, the reduced species has defi- 
nitely been identified as Cr". 

In another variation of the catalyst, lower-valent organochromium compounds 
can be deposited onto an already calcined support to produce very active catalysts 
[43]. These compounds react with surface hydroxyls to become attached to the 
support, often losing one or more ligands. Examples are bis(arene)-Cr^ bis(cyclo- 
pentadienyl)-Cr", and allyl-Cr" and -Cr"\ Organochromium catalysts differ from 
those based on chromium oxide. The activity of these catalysts is quite high, and 
the obtained polymer is particularly different, usually much broader in molecular 
weight distribution. 

As described, the catalyst ethylene is reduced by ethylene and alkylated to the 
active species. 
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Cr(II) + C,H, -^Cr-R 


Initiation 


( 8 ) 


Cr - R + nC,H, ^ Cr-(CH,-CH2)n - R 


Propagation 


(9) 


Cr-(CH,-CH,)„-R + C,H, 






^Cr - CjH, + CH, = H-(CH,-CH,)„ , - R 


Chain transfer 


( 10 ) 



This alkylated species inserts ethylene molecules [42] and forms the growing 
polymer chain. A hydrogen transfer to usually an ethylene molecule gives the 
polyethylene chain and an alkylated Cr species again, which starts a new polymer 
chain. The length to which a chain grows is determined by the rate of propagation 
lative to transfer. A typical chain length can vary from 100 to over 35 000 units, 
depending on the choice of the catalyst and the reactor conditions. The lifetime of 
a chain on an active site is probably around 0.1 seconds or less. Since the catalyst 
spends about an hour in the reactor, each site produces several thousand chains 
during its active life. 

As the silica surface is heterogeneous, not all the sites behave in a similar way. 
The propagation and transfer rate constants seem to vary considerably from one 
site to another, influenced by the local geometry and chemistry. Thus, each site 
produces its own characteristic chain length, and the total molecular weight distri- 
bution (MWD) of the resultant polymer is with values of Mw/Mn = 10-30 broad 
which each individual site produces a narrow MWD of 2. In comparison with 
Ziegler catalysts it is difficult to influence the molecular weight of the obtained 
polyethylene by adding hydrogen. The molecular weight must be controlled by the 
catalyst preparation and the process parameters and is usually between 100 000 
and 30 000. 



5.2 Ziegler-Natta Catalysts 

The first generation of Ziegler-Natta catalysts, based on TiCl 3 /AlEt 2 Cl, was char- 
acterized by low polymerisation activity. Thus, a large amount of catalyst was 
needed, which contaminated the raw product. A washing step that increased the 
production costs was necessary. Since the first Ziegler-Natta catalysts were devel- 
oped thousands of papers and patents related to this subject have been published 
[3-12,44,]. By supporting the titanium compound on MgCl 2 , Si 02 , AI 2 O 3 a highly 
active second generation of catalysts has been developed and commercialized.. 
The product obtained by using these catalysts contains only traces of residues 
which may remain in the polymer. Therefore, most Ziegler-Natta catalysts are 
therefore heterogeneous. Only some vanadium-based systems for the production 
of ethylene/propylene copolymers (EP) or ethylene/propylene diene terpolymers 
(EPDM) are homogeneous. 

Ziegler-Natta catalysts are highly sensitive to oxygen, moisture, and a large 
number of chemical compounds. Therefore, very stringent requirements of reagent 
purity and most care in all manipulations of catalysts and polymerisation reactions 
themselves are mandatory for achieving experimental reproducibility and reliabil- 
ity. Special care must be taken to ensure that solvents and monomers are ex- 
tremely pure. Alkanes and aromatic compounds have no substantial effect on the 
polymerisation and can therefore be used as solvents. 

A two-step mechanism is commonly accepted. First, the monomer is adsorbed 
onto the transition metal. During this step the adsorbed monomer may be activated 
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by the formation of an active complex. Afterwards, the activated monomer is in- 
serted into the metal-carbon bond. 

5.2.1 Polyethylenes and Copolymers 

Two different processes for the production of polyethylene are being applied: the 
slurry process and the gas-phase process [5]. 

L Slurry process. For the slurry process, hydrocarbons are used, e.g., isobutane, 
hexane, and n-alkane in which the polyethylene is insoluble. Fig. 3 shows the 
scheme of a slurry process [45]. 



RECYCLE 




WATER 



Fig. 3. Scheme of the slurry process for the production of polyethylene 



The polymerisation temperature ranges from 70 to 90 °C, with ethylene pres- 
sure varying between 0.7 and 3 Ma. The polymerisation time is 1 to 3 h and the 
yield is 95 to 98 %. The produced polyethylene is obtained in the form of fine par- 
ticles in the diluent and can be separated by filtration. The molecular weight can 
be controlled by addition of hydrogen which increased the chain transfer reactions. 
The molecular weight distribution is regulated by variation of the catalyst design 
or by conducting the polymerisation in several steps under different conditions 
[46,47]. The best results are obtained in stirred vessels or loop reactors. In some 
cases the polymerisation is carried out in a series of cascade reactors to allow the 
variation of the hydrogen and comonomer concentration in different reactors in 
order to control the distribution of the molecular weights. The slurry contains 
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about 40 % by weight polymer. In some processes the diluent is recovered after 
centrifugation and recycled without purification. 

2. Gas-phase polymerisation. Compared to the slurry process, the polymerisa- 
tion in the gas phase has the advantage that no diluent is used, which simplifies the 
process [48]. A fluidized bed that can be stirred is used with supported catalyst. 
The polymerisation is carried out at 2 to 2.5 Mpa and 85 to 100 °C. The ethylene 
monomer circulates, thus removing the heat of the polymerisation and fluidizing 
the bed. To keep the temperature at values below 100 °C, gas conversion is main- 
tained at 2 to 3 per pass. The polymer is withdrawn periodically from the reactor. 

In contrast to the high-pressure polyethylene, which is characterized by long- 
chain branches, the polyethylene produced with coordination catalysts has a more 
or less linear structure. The density of homopolyethylenes is high but it can be 
lowered by copolymerisation. Polymers produced with unmodified Ziegler cata- 
lysts showed extremely high molecular weight (some millions) and broad molecu- 
lar weight distribution (MWD = 5-20) [49]. In fact, there is no reason for any ter- 
mination step, except for consecutive reaction. 

As already pointed out, the major drawback of the first generation of catalysts 
is their low activity. In order to increase the amount of the active Ti from 0.1 - 1 % 
to 2 - 60 %, supported catalysts with inorganic carriers for TiCl^ have been inves- 
tigated. Commonly, C 0 CI 2 , MgCl 2 or other Mg-salts are used because of their 
ionic radii (Mg^^ 0.066 nm, Co^^ 0.072 nm) being similar to the one of Ti"^^ (0.068 
nm). The major advantage of these catalysts is the high activity. Thus, only low 
concentrations of the catalysts are needed. Therefore residues can remain in the 
polymer. 

A wide range of procedures has been developed to prepare supported Ziegler- 
Natta catalysts. A typical route is the mixing and ball milling of carefully dried 
„anhydrous“ MgCl 2 with an „activating agent“ which is an electron donor, typi- 
cally ethyl benzoate or another aromatic ester, to produce the catalyst support [50]. 
In a second step TiCl^ is fixed on the „active MgCl 2 “ either by suspending the 
support in hot TiCl^ or by ball milling of the support with TiCl^. Finally, the solu- 
ble part of the catalyst is removed by washing with hydrocarbons. 

The role of the electron donors in the preparation of the support is to stabilize 
very small MgCl 2 particles produced during the ball milling by adsorption on the 
freshly prepared surfaces. Thereby reaggregation of the crystallites is prevented 
[51]. 

A typical composition of a supported Ziegler catalyst is 95 % wt MgCl 2 , 5 % wt 
TiCl„ TiCl, : AlEt 3 ratio =1:10. 

The triethylaluminium alkylates the titanium, and inserts the ethylene into the 
titanium carbon bondethylene. Table 3 shows some kinetic data for the polymeri- 
sation of ethylene by unsupported and supported Ziegler-Natta catalyst [52]. 

The density of polyethylene (PE) can be lowered from 0,97 g/cm up to 0,87 
g/cmby a copolymerisation with longer-chained 1 -olefins such as propylene, 1- 
butene, 1 -hexene, 1-octene. Depending on the density, different types of PE are 
produced with increasing parts of comonomers: 

High density PE HDPE 8 = 0,95 g/cm 

Linear low density PE LLDPE 8 = 0,91 - 0,93 „ 

Very low density PE VLDPE 8 = 0,87 - 0,90 „ 

For the production of high module fibers, ultra high molecular weight PE (PE- 
UHMW) is used. 
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In heterogeneous processes the polymerisation reaction takes place only at the 
beginning inside the catalyst particle. Afterwards the reaction proceeds in the 
growing polymer particle. Each of these polymer particles is a small reactor with 
own energy and mass balance. The catalyst is fragmentated into small parts up to 
1 pm. When the particle expands in the process of polymerisation, the rate of po- 
lymerisation can also increase because of a heat transfer. The monomer flow in- 
creases simultaneously. To reach a high catalyst productivity, the polymerisation 
rate must stay at a high level as long as the polymerizing particle remains in the 
reactor [53]. 



Table 3. A comparison of Kinetic Data for Ethylene Polymerisation Using Supported and 
Unsupported Ziegler-Natta Catalysts. The Number of Active Centers as well as the Rate 
Constant of Polymerisation are Responsible for the Higher Activities Observed in Sup- 
ported Catalysts (adapted from Ref 52) 



Catalyst 


T(o) 


Efficiency^ 


Rate 

constant^ 


Molecular Weight' 
(kg mol') 


TiCyAlEfCl 


50 


0,005 


540 


2 000 (M„) 


TiCl4/MgBuBr/AlEt3 


50 


0,6 


580 


2 000 (Mn) 


TiCyAl(i-Bu )3 


30 


0,03 


33 


1000 (Mw) 


TiCl4/Mg(Oet)2/Al(i-Bu)3 


30 


0,016 


2000 


10000 (Mw) 




60 


0,023 


12000 





Efficiency = molar amount of active species per mol Ti. Rate constant in liter d per mol 
Ti per second. ^ = number average molecular weight; weight average molecular 

weight. 



Applying the detailed knowledge about the relation between the polyethylene 
structure and the polymer properties, tailored products can be produced for various 
applications. Bimodal molecular weight distribution of the polyethylene is advan- 
tageous for the production of special properties useful for pipes and films. In this 
case the catalyst is introduced into two reactors; the first reactor produces a ho- 
mopolymer with a very low molecular mass, the second reactor with the same 
catalyst forms a very high molecular mass copolymer under different conditions. 
Each catalyst fragment is covered by layers of the low molecular mass ho- 
mopolymer and the high molecular mass copolymer. These polymers have an out- 
standing combination of desired properties as high stiffness, toughness, stress 
crack resistance, and better processability [53]. 

The properties of polyethylene could be varied within a wide range by copoly- 
merisation of ethylene with other comonomers. Most commercial products contain 
small amounts of other monomers. In general, adding comonomers during the po- 
lymerisation reduces the polyethylenes crystallinity, thereby reducing the melting 
point, the freezing point, and, in many cases, the tensile strength and odulus. At 
the same time, the optical properties are improved and the polarity is increased. 
Titanium- and vanadium-based catalysts have been used to synthesize copolymers 
that have a prevailingly random, block, or alternating structure. Only with Ziegler 
catalysts, long-chain a-olefins can be used as a comonomer (e.g., propylene, 1- 
butene, 1 -hexene, 1-octene). Depending on the comonomer content, LLDPE or 
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VLDPE is formed. Thus, LLDPE or VLDPE is formed upon the addition of 2-5 
mol% or 5-20 mol%, respectively. The comonomer decreases the melting point 
and the crystallinity of the polyethylene. Longer-chained monomers, such as 1- 
hexene, are more effective at the same weight concentration than smaller olefins 
such as propylene. The copolymerisation results in a branched polyethylene with 
methyl branching if propylene is used, ethyl if butene is used. 

Important for the copolymerisation are the different reactivities of the olefins. 
[54]: ethylene > propylene > 1 -butene > linear a-olefins >branched a-olefins. 

In contrast to LDPE, produced with the high-pressure process, LLDPE exhibits 
much higher tensile strength . Therefore, there has been a considerable boost in 
the production of LLDPE [55]. 

5.2.2 Isotactic Polypropylene 

In contrast to ethylene, propylene is converted to a crystalline polymer only using 
coordination catalysts propylene. The catalyst played a key role for the develop- 
ment and the innovation of the industrial technologies. The first catalysts were 
based on TiCl 3 /AlEt 2 Cl systems and were characterized by low productivity and 
stereospecifity [56]. It was necessary to remove the catalyst residue and the atactic 
polymer fraction. 

If the polymerisation is conducted with Ziegler-Natta catalysts, propylene or 
longer-chained a-olefins are inserted into the growing chain in a head-to-tail fash- 
ion with high selectivity. Every CH 2 group (head) is followed by a CH(R) group 
(tail) with a tertiary carbon atom bearing a methyl or an even larger alkyl group: 

Cat — CH 2 — CH — CH 2 — CH— (11) 

1 I 

CH 3 CH 3 

This construction principle is mandatory for the stereoregular structure of the 
polypropylene molecule. In addition, head-to-head 

Cat — CH — CH 2 — CH 2 — CH — (12) 

I I 

CH3 CH3 

and tail-to-tail 

Cat — CH 2 — CH— CH — CH 2 (13) 

I I 

CH 3 CH 3 

arrangements occur. An exclusive head-to-tail bonding is a mandatory but not a 
sufficient condition for stereoregularity. Another important detail is the sterical 
orientation of the pendant methyl groups with respect to the main C-C axis of the 
polymer molecule. Natta [57] formulated three different structures: isotactic, syn- 
dioactic, atactic (see Fig.9). 

The most widely used catalyst for the stereospecific polymerisation of propyl- 
ene consists of titanium halogenides and alkylaluminum compounds.A large num- 
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her of other systems have been tested. Table 4 lists some important heterogeneous 
systems. The nature of the ligands and the valency of the transition metal atoms 
are the determining factors for the activity, productivity, and stereospecifity. An- 
other strong influence on the stereospecifity is exerted by the nature of the cocata- 
lyst. 

The breakthrough in the development of the high-active supported catalysts 
was the discovery of „activated“ MgCl 2 able to support TiCl^ [58] and the subse- 
quent discovery of electron donors (Lewis bases) capable of increasing the stereo- 
specificity of the catalyst so that highly isotactic polypropylene could be obtained 
[59] High-active Ziegler-Natta catalysts on the basis of MgCl 2 , TiCl^ and an „in- 
temar‘ electron donor are typically used in combination with an aluminum alkyl 
cocatalyst such as AlEt 3 and an „extemar‘ electron donor added in polymerisation. 



Table 4. Heterogeneous Catalysts for the Propylene Polymerisation 



Catalyst ^ 


Activity 

(gPP/gTi • h • atm) 


Isotacticity 
PP (%) 


TiCyAl(C2H5)3 (1:3) 


30 


27 


a-TiCyAlCljAI/CQH,)^ 


120 


80 


TiCl3/LiAl2H7/NaF 


70 


90 


E-TiCyAl(CjH5)2Cl/LB' 


99 


95 


E-TiCyAlCyAl(C2H5XCl/LB" 


520 


98 


MgCl2/TiCl4donors/AlEt3 


1600 000 


99 



^LB‘ = Lewis base 1, methyl methacrylate; LB^ = Lewis base 2, diisoanyl ether 



These catalyst systems contained ethyl benzoate as an internal donor and a sec- 
ond aromatic ester as an external donor. The catalysts most widely used in poly- 
propylene manufacture currently contain, however, a diester (e.g. diisobutyl 
phthalate) as internal donor and are used in combination with an alkoxysilane ex- 
ternal donor of the type RR’Si(OMe )2 or RSi(OMe )3 [60]. The functions of the in- 
ternal donor in MgCl 2 - supported catalysts were already mentioned (see Chapt. 
5.2). One of the functions is to stabilize small primary crystallites of magnesium 
chloride; the other is to control the amount and distribution of TiCl^ in the final 
catalyst. Activated magnesium chloride has a disordered structure comprising very 
small lamellae with (110) and (100) faces. It is discussed that TiCl 4 coordinated to 
the (100) face creates isotactic active sites, while, the coordination to the (110) 
face creates atactic sites. The donor now blocks the atactic (110) sites forming 
strong chelating complexes with tetra-coordinated Mg atoms. 

The requirement for an external donor when using catalysts containing an ester 
as an internal donor is due to the fact that, when the catalyst is brought into con- 
tact with the cocatalyst, a large proportion of the internal donor is lost as a result 
of alkylation and/or complexation reactions. The absence of an external donor, re- 
sults in a lower stereospecificity due to the increased mobility of the titanium spe- 
cies on the catalyst surface. When present, the external donor replaces the internal 
one. 
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Recently, research on MgCl2-supported catalysts has led to systems which can 
be used without an external donor. This required the identification of bidentate in- 
ternal donors, which not only had the right oxygen-oxygen distance for effective 
coordination with MgCl2 but which, unlike esters, were not removed from the up- 
port on contact with AlEt3 and which, in contrast to alkoxysilanes, were unreactive 
with TiCl^ during catalyst preparation. It was found that 2,2-disubstituted-l,3- 
dimethoxypropanes met all these criteria [61,62]. The following MgCl2-supported 
catalysts show an activity up to 80 000 kg PP/g catalyst. 

CATALYST TYPE COCATALYST EXTERNAL DONOR 

MgCl2/TiCiyethyl benzoate AIR3 aromatic ester 

MgCl2/TiCiydialkyl phthalate AIR3 alkoxysilane 

MgCl2/TiCydiether AIR3 

The morphology of the obtained polypropylene particle plays an important role 
for the processing of the polypropylene and depends mainly on the catalyst struc- 
ture. The Spheripol process is beside the Novolen- and Unipol-process is the one 
mostly used for the gas-phase polymerisation [60]. A multistep polymerisation al- 
lows the production of polymers with a wide range of molecular weight, crystal- 
linity and stereoregularity. Separated and not agglomerated polypropylen granules 
are formed with a high bulk density and melting points up to 162 °C. 

5.2.3 EPDM-Elastomers 

Copolymers of ethylene and propylene with 20 to 80 mol % of propylene units are 
amorphous materials and can be produced using Ziegler-Natta or single site cata- 
lysts. Such amorphous ethylene-propylene-monomer copolymers (EPM) have 
some valuable elastomeric properties such as high stability against oxydation. This 
copolymer has gained some potential as an inexpensive elastomer. When small 
amounts of a non-conjugated diene are added to the reaction mixture ethylene- 
propylene-diene monomers (EPDM) are obtained [63-66]. EPDM is a commer- 
cially important synthetic rubber. The terpolymers are curable with sulfur. This 
rubber shows a higher growth rate than the other synthetic rubbers [67]. The most 
outstanding property of the ethylene-propylene rubber is its weather resistance. 
The latter is due to the fact, that this rubber has no double bonds in the backbone 
of the polymer chain and is, thus less sensitive to oxygen and ozone. Other excel- 
lent properties of this rubber are its resistance to acids and alkalis, its electrical in- 
sulation and its low-temperature performance [68]. 

It is important for the quality of the elastomer that the unsaturation of the added 
diene should not be located in the main chain, because this would decrease the 
stability against oxidation. Many non-conjugated dienes, such as 1 ,4-hexadiene, 
dicyclopentadiene, and ethylidene norbomene which polymerize only through one 
of the double bonds, are most suitable. 








1,4-hexadiene 



dicyclopentadiene 



ethylidene norbomene 
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The properties of the copolymers depend to a great extent on several structural 
features of the copolymer chains, e.g. on the relative content of comonomer units, 
the way the comonomer units are distributed in the chain, the molecular mass and 
molecular mass distribution, and the relative content of normal head-to-tail addi- 
tion or head-to-head/tail-to-tail addition. 

For commercial processes, mainly vanadium-based catalysts are used for the 
synthesis of EPM or EPDM [69]. Catalysts typically applied for a solution process 
are: VOCl 3 /AlEt 3 , VCl 3 /Al(C,H, 3 ) 3 , VCiyAlEt 3 , VO(OR) 3 /AlEt,Cl. 

The solvent is removed by distillation in the flash. Some catalysts contain TiCl 3 
and AlEt 2 Cl. More recently, supported MgCl 2 TiCl 4 /AlEt 3 and homogeneous alu- 
minoxane-containing catalysts have also been used. For example, the molecular 
weights of copolymers increase if the ethenZ-propylene ratio is increased, the con- 
centration of catalyst is decreased, and the polymerisation temperature is lowered. 
Molecular weights increase in the order [70] 

AlEt2Cl > Al2Et3Cl3 > AlEtCl2 > AlEt3. 

For technical uses the molecular mass (M^) is in the range 100,000 to 200,000 
g/mol. EPDM-rubber synthesized with vanadium catalyst show a molecular mass 
distribution between 3 and 10, indicating that two or more active centers are pre- 
sent. 



5.2.4 Polydienes 

Most polybutadiene is produced by Ziegler catalysts and late transition metal 
complexes, the remainder by lithium butyl. Especially cobalt, nickel and titanium 
(in few cases also neodym) compounds are used in combination with trialkylalu- 
minium and some donors (Tab. 5) [71,72]. 

These catalysts produce polybutadienes with a high cis-content. As in the case 
of Ziegler-Natta catalysis of propylene, the active centers are transition metal- 
carbon bonds. They normally form an Tj^-allyl bond (Fig. 4). 

Table 5. Production Conditions of Different Polybutadiene Types 



Type 

Solvent 

atalyst 



Temperature (°C) 
Reaction time (h) 
Conversion (%) 



Ti-BR 
aromatic 
TiJ^ 

AIR3 
H2O AIR3 

5-35 5-50 

3 2-4 

>90 >90 



Ni-BR 

aliphatic 

Ni-naphthenate 

BF3-etherate 

AIR3 

50-6050-100 
3 2-4 

>90 



Nd-BR 

aliphatic 

Nd-carboxylate 

Al2Et3Cl3 



Co-BR 

aromatic 

Co-octanoate 

AIR, 



100 
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Fig. 4. Insertion of butadiene into a transition metal (M) allyl bond 



The propagation reaction proceeds via insertion into this carbon-transition 
metal bond after the diene has been coordinated as a 7i-complex. In the transition 
state a short-lived a-allyl bond is formed, which restores in the case of a cis- 
migration the alkyl-transition metal bond. 

In the case of titanium catalysts for achieving a high cis content of the products, 
it is essentiel that the catalyst contains iodine. TiCl/AlEt3 produces a polybutadi- 
ene with 65 % cis and 35 % trans structures [73]. Regulation of the molecular 
masses can be achieved by the addition of 1,5-cyclooctadiene. 

Supported Ziegler catalysts are also used for the production of poly dienes [74]. 
High cis contents, up to 98 %, can be obtained with cobalt salts (cobalt octanoate, 
cobalt naphthenate) in combination with alumoxanes, which are synthesized in 
situ by hydrolysis of chlorodiethylaluminum or ethylaluminum sesquichloride. 
Only 0.005 to 0.02 mmol of the cobalt salt is needed for the polymerisation of 1 
mol of 1,3 -butadiene [75]. 

Water modifies the reaction rate and the polymer properties. The polymerisa- 
tion activity has a maximum for a 0.03 : 0.2 ratio of water to Et2AlCl, while the 
cis- 1,4-content is 95 to 96 % at ratios higher than 0.1. For a 50:50 benzene/butane 
solvent the molecular mass approaches 800,000 g/mol at a 0,2 water/aluminum ra- 
tio. With a 30:70 solvent mixture the molecular mass approaches 400,000 at a ra- 
tio of 0,2. Also, systems of AICI3/C0CI2 and thiophene produce a high cis- 1,4 
polymer. Nickel compounds can be applied as catalysts as well. A three- 
component system consisting of nickel naphthenate, triethylaluminum, and boron 
trifluoride diethyletherate is used technically. The activity of this system is similar 
to that of cobalt systems. The molar Al/B ratio varies between 0,7 to 1,4. Polym- 
erisation temperatures range from -5 to 40 °C. 

5.2.5 Mechanism of Ziegler-Natta Catalysis 

Three main reaction steps take place during the polymerisation: 

• Formation of active centers - the active centers comprise metal-C a bonds, 
which are generated by the reaction of the metalhalide with the alkylaluminum 
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species (although the active center is believed to have a coordination vacancy 
or a ligand, which is easily replaced by the monomer). 

• Chain growth (propagation) - based on a mechanism proposed by Cossee and 
Arlman [76,77], the monomer is believed to be coordinated to the active center 
prior to the insertion (more recently molecular orbital calculations implicate to 
real n complex of themonomer approaching and inserting [78]. The polymer 
chain is built up by rapid repetitions of the insertion step. 

• Chain termination or transfer - hydrogen elimination, chain transfer to the co- 
catalyst, or a chain transfer reagent, such as hydrogen, are the main mecha- 
nisms to eliminate the polymer chain from the active center (Fig. 5) [5]. 

The mechanisms of chain propagation can be divided into two groups accord- 
ing to the role of the cocatalyst. In monometallic mechanisms the cocatalyst gen- 
erates the active species from the transition metal but is not involved in the chain 
growth reaction itself. Bimetallic mechanisms favour the propagation at a cocata- 
lyst alkyl group. 

Early examples of bimetallic mechanisms were proposed by Natta and Maz- 
zonti [79] and by Patat and Sinn [80]. In the Patat-Sinn mechanism the alkene is 
partially bonded between the transition metal and the methylene carbon of the last 
inserted monomer unit that is bonded to the aluminum. There is experimental evi- 
dence that insertion takes place at a transition metal-alkyl bond rather than at an 
Al-alkyl bond [81]. 

The mechanism of Cossee and Arlman is the most widely accepted one and a 
lot of other monometallic mechanisms being variations of its basic assumptions 
have been developed. Their model of the active species is the conclusion of 
Arlman’ s recognition of the existence of coordinative vacancies on the surface of 
theTiCl 3 . These vacancies must exist to ensure the electroneutrality of the crystal- 
lite. Cossee derived an octahedral configuration for the active titanium centers - 
these have a vacancy, four chlorine ligands of the crystal and an alkyl group 
formed by alkyl transfer from the cocatalyst (Fig. 6). 
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Fig. 5. Chain termination reactions in Ziegler-Natta catalysis; P = polymer chain, M = 
transition metal, Me = methyl 



The alkene is complexed to the vacancy and inserts into the Ti-alkyl bond via a 
four-membered transition state forming a new Ti-alkyl a bond. After the insertion 
the growing polymer chain flips back into its old position, exchanging its place 
with the vacancy. This step is necessary to explain the stereospecificity observed 
in a-alkene polymerisation. 

A lot of modifications of the Cossee-Arlman mechanism has been proposed to 
explain a different monomer coordination and the stereospecific propylene inser- 
tion. The structure of the active site is more complex and is investigated in the last 
years by the metallocene catalysts. The mechanism of Cossee and Arlman sug- 
gests that the polymerisation takes place at exposed Ti atoms at lateral faces of the 
TiCl3 crystal, which is formed by close-packed anion layers. Electron microscopy 
studies support this view, showing polymer growth at defects and spiral disloca- 
tions of the surface. 
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Fig. 6. Cossee-Arlman mechanism of alkene polymerisation 



The commercially important supported catalysts have been investigated exten- 
sively. The titanium IV is at least partially reduced to titanium III and II. Chien et 
al [82] detected Ti" (8 %), Ti"^ (38 %) and Ti^^ (54 %) in a catalyst prepared by 
ball milling MgCl 2 in the presence of ethyl benzoate as the internal donor and by 
washing with p-cresol and reaction with AlEt3 and TiC14. At least, in supported 
Ziegler-Natta catalysts there are doubts if Ti(III) rather than Ti(IV) forms the ac- 
tive species. 



5.3 Metallocenes and Single Site Catalysts 

The manufacture of polyolefins by metallocene catalysts represents a new push in 
the polymer industry [83-95]. Metallocene catalysts are soluble in hydrocarbons, 
they have only one type of active sites (single site catalysts) and their chemical 
structure can be easily changed. New polymers, from ethylene copolymers with 
special properties up to transparent polypropylene fibers, cycloolefm copolymers 
and syndiotactic polystyrene, are industrially produced by single site cata- 
lysts.ethylene. The metallocenes single site catalysts allow an accurate prediction 
of the properties of the resulting polyolefins by knowing the structure of the cata- 
lyst used during their manufacture and to control the resulting molecular mass dis- 
tribution, comonomer content and tacticity by careful selection of the appropriate 
reactor conditions. In addition, the activity of these catalysts is 10-100 times 
higher than of the classic Ziegler-Natta systems. 

Metallocenes, in combination with the conventional aluminium alkyl cocata- 
lysts used in Ziegler systems, are indeed capable of polymerizing ethylene, but 
only at a very low activity. Only with the discovery and application of methylalu- 
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minoxane (MAO) in our institute in Hamburg in 1977 it was possible to enhance 
the activity, surprisingly, by a factor of 10 000 [83]. Therefore, MAO plays a cru- 
cial part in catalysis with metallocenes. Methylaluminoxane is a compound in 
which aluminium and oxygen atoms are arranged alternately and free valences are 
saturated by methyl substituents. It is gained by careful partial hydrolysis of 
trimethylaluminium and, according to investigations by Sinn [84] and Barron [85], 
it consists mainly of units of the basic structure (Al 403 Me^), which contains four 
aluminium, three oxygen atoms and six methyl groups. As the aluminium atoms in 
this structure are coordinatively unsaturated, the basic units join together forming 
clusters and cages; these have molecular masses from 1 200 to 1 600 and are solu- 
ble in hydrocarbons. 

If metallocenes, especially zirconocenes (Fig. 7), are treated with MAO, then 
catalysts are available that allow the polymerisation of up to 100 tons of ethylene 
per g of zirconium. At such high activities only extremely small amounts of the 
catalyst are needed which then can remain in the product. The insertion time for 
one molecule of ethylene into the growing chain amounts only to the order of 10 ^ 
s. A comparison with enzymes is not far-fetched. 

It is generally assumed that the primary function of MAO is to facilitate a fast 
ligand exchange reaction with the metallocene dichloride, thus rendering the met- 
allocene methyl and dimethyl aluminium compound (Fig. 8 ). 

In a further step, either Cl or CH 3 is abstracted from the metallocene com- 
pound by an Al-centre in MAO, thus forming a metallocene cation and a MAO 
anion [86,87]. An equilibrium exists between the ion pair of the cationic metallo- 
cene and the anionic MAO and the resulting complex. Although both systems 
show polymerisation activity, the cationic complex is significantly more active. 
The two types of active centers show differences in the molecular masses of the 
obtained polymers [ 88 ]. 

An important side reaction is the a-hydrogen transfer which causes the produc- 
tion of methane. Condensation of the metallocene molecule and MAO takes place 
forming Zr-CH 2 -Al or Zr-CH 2 -Zr structures. These compounds are inactive and 
one of the reasons for the deactivation of metallocene catalysts [89]. The conden- 
sation rate depends on the structure of the zirconocene, the temperature, the Al/Zr 
ratio and the concentration of the zirconocene. The methane formation occurs 
much faster with MAO than with the Lewis-acidic trimethylaluminium. More than 
50 moles of methane are eliminated per mol of zirconium in 2 h. The picture is 
complicated by a self-condensation of MAO. Due to the high methane production 
and the high amount of Zr-CH 2 - A 1 structures the catalyst ought to be inactive after 
some minutes. As the metallocene catalyst is active for hours or even days, there 
has to be a reactivation step. 
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X = C2H4, Me2Si 



M = Zr, Hf 
X = C2H4, Mc2Si 



X = C2H4, Me2Si 
R = Me, Ph, Naph 
R = H, Me 




M = Ti, Zr, Hf 
R = H, 5 -Me, neopentyl 
R = Cl, Me 



M = Zr, Hf 
X = Me2C, PI12C 
R = H, Me, tert-B\x 



R = H, Me 
R = Me, Ph 



Fig. 7 . Structures of metallocenes used for olefin polymerisation 



It was observed that inactive Zr-CH 2 -Al structures could be activated by an ex- 
cess of MAO, forming L 2 ZrCH 3 (Cl) (the active compound) and Al-CH^-Al struc- 
tures. After 5 to 20 min, thus, an equilibrium is established between deactivation 
and reactivation. 

Meanwhile, other weakly coordinating cocatalysts, such as tetra(perfluoro-phe- 
nyl)borate anions [(C^Fg) 4 B] have been successfully applied to the activation of 
metallocenes [90,91]. 

A further milestone was reached when Brintzinger [92] synthesized chiral 
bridged metallocenes in 1982 at the University of Konstanz and in 1984, when 
Ewen [93] at the Exxon Company (USA) was able to demonstrate that appropriate 
titanocenes render partially isotactic polypropylene. Nearly at the same time, 
highly isotactic material was obtained with analogous zirconocenes in our institute 
[94]. After this discovery, a fervent development of industrial and scientific re- 
search in the metallocene sector commenced [95]. 




430 W. Kaminsky 



Complexation 

L2ZrCl2 + MAO 

Methylation 
L2ZrCl2 MAO 

L2Zr(CH3)CI MAO 



r L2ZrCl2 MAO 

CH3 

L2Zr(CH3)CI + \|-0 

cr 

r: L2Zr(CH3)2 + MAO-CI 



Activation 

L2Zr(CH3)CI + MAO 



L2Zr(CH3)CI MAO [L2ZrCH3] + [MAO-CI] ' 



Deactivation 



CH. 



CH, 



L—Zr — C— H + Al— O 



H ^ 



l2Zr-CH— Al— O — + CH4 



Reactivation 



CH, 



CH, 



L2Zr— CH3 



L2Zr-CH— AI-0 — 



+ ^Al— O- 
CH, 



O— AI-CH^AI- 0 - 

I ' I 

CH, CH, 



Fig. 8. Reactions of zirconocenes with MAO; L = cyclopentadienyl ligand 



Polyolefins with different microstructures and characteristics can be custom- 
made just by varying the ligands on the metallocene (see Fig. 7) [96-101]. By 
combining different olefins and cycloolefins , the range of characteristics can be 
further broadened. The production of polyolefins with narrow molecular weight 
distributions (M^/M^ = 2), of syndiotactic polymers and of chemically uniform co- 
polymers has not yet been achieved by conventional heterogeneous catalysts. 

Using metallocene catalysts, it was possible for the first time to produce poly- 
ethylenes, polypropylenes, and copolymers with narrow molecular mass distribu- 
tions [102], syndiotactic polypropylene (in technical scale amounts) [103], syndio- 
tactic polystyrene [104], cyclopolymerisates of 1,5-hexadiene [105], cycloolefin 
copolymers (COC) with high catalytic activity [106], optically active oligomers 
[107] and composite materials with biomass and powdered metals with polyole- 
fins. Organic or inorganic particles (starch, cellulose, quartz sand or powdered 
metal) can be coated with a hydrocarbon soluble metallocene catalyst and in turn, 
after polymerisation, with a polyolefin film of variable thickness [108]. 




Polymerisation Catalysis 431 



5.3.1 Polyethylenes and Copolymers 

Titanocene, zirconocene, or hafnocene together with methylaluminoxane as the 
cocatalyst form highly active catalysts for the polymerisation of ethylene. Using 
bis(cyclopentadienyl)zirconium dichloride-MAO catalysts, activities of 600 000 
kg PE per mole Zr per hour may be obtained. Experimental results show that al- 
most every zirconium atom forms an active species producing more than 46 000 
polymer chains per hour [109]. The catalysts have a very long lifetime. Thus after 
more than 100 h of polymerisation there is still some activity left. The activities of 



Table 6. Homopolymerisation of ethylene in toluene at 30 °C; 2,5 bar ethylene pressure; 
6,25 • 10^ mol/1 zirconocene concentration; molar ratio MAO/Zr = 250 



Catalyst 


Activity 

(kg PE/mol Zr-h-Cg) 


Molecular weight 
viscosity (g/mol) 


Cp2ZrCl2 


60 900 


620 000 


C5Me5ZrCl2 


1300 


1500 000 


[En(Ind)2]ZrCl2 


41 100 


140 000 


[Me2Si(Ind)2]ZrCl2 


36 900 


260 000 


[Me2Si(2,4,7Me3lnd)2]ZrCl2 


111900 


250000 


[Me2C(Hu)(Cp)]ZtCl2 


2 000 


500 000 



Polyethylene produced by metallocene-MAO catalysts features narrow molecular 
weight distributions with M^/M^ ~ 2 to 2.5. Polydispersity may be controlled by 
mixing different metallocenes. The molecular mass can easily be lowered by in- 
creasing the temperature, increasing the metallocene: ethylene ratio, or by addition 
of hydrogen, acting as a chain transfer agent. Chain transfer to hydrogen and p-H 
elimination are 2-3 orders of magnitude greater than the corresponding value for 
MgCl 2 - supported heterogeneous Ziegler-Natta catalysts. 

An unique feature of metallocene catalysts is their copolymerisation behavior. 
Contrary to conventional Ziegler-Natta catalysts, which produce „heterogeneous“ 
copolymers with the highest incorporation rates in the short chains and less co- 
monomer content in the longer chains due to the different active species in these 
catalysts, metallocenes produce copolymers with a statistical distribution of the 
comonomer sequences. By tuning the metallocene ligands the copolymerisation 
behavior can be varied from random to almost alternating [110]. 

Metallocenes are highly useful for the copolymerisation of ethylene with pro- 
pylene, 1 -butene, 1-pentene, 1 -hexene and 1-octene forming linear low density 
polyethylene (LLDPE). These copolymers have a great industrial potential and 
show a higher growth rate than the homopolymer. Due to the short branching from 
the incorporated a-olefin, the copolymers show lower melting points, lower crys- 
tallinities, and lower densities. The main part of the comonomers is randomly dis- 
tributed over the polymer chain. The amount of extractables is much lower than in 
polymers synthesized with Ziegler catalysts. 

Under the same conditions, syndiospecific (C^-symmetric) metallocenes insert 
more effectively in inserting a-olefins into an ethylene copolymer than isospecific 
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working (C 2 -symmetric) metallocenes or unbridged metallocenes. In this particular 
case, hafnocenes are also more efficient than zirconocenes. 

The copolymerisation of ethylene with other olefins is effected by the variation 
of the Al/Zr ratio, temperature and catalyst concentration. These variations change 
the molecular mass and the ethylene content. Higher temperatures increase the 
ethylene content and lower the molecular mass. The copolymers of ethylene and 
propylene with a molar ratio of 1:0,5 up to 1:2 are of great industrial interest. 
These EP-polymers show elastic properties and, together with 2-5 wt-% of dienes 
as third monomers, they are used as elastomers (EPDM). 

The regiospecificity of the metallocene catalysts towards propylene leads ex- 
clusively to the formation of head-to-tail enchainments. Ethylidenenorbomene po- 
lymerizes via vinyl polymerisation of the cyclic double bond and the tendency of 
branching is low. The molecular mass distribution of about 2 is narrow [111]. 



CH, 



H2C=CH 
head tail 



CH, 

I ^ 

H2C=CH 
or 1 2 



CH3 CH3 
— CH— CH-- 



5.3.2 Polypropylene 

Using metallocene catalysts, the microstructure of polypropylene and higher a- 
alkanes can be varied over a wide range. In addition to the main structures, isotac- 
tic, atactic and syndiotactic stereoblock, isoblock and hemiisotactic polypropyl- 
enes can be produced (Fig. 9). 

The stereospecificity of the polymerisation depends on the metallocene used. 
Two basic mechanisms are found: enantiomorphic site control and chain end con- 
trol [93]. If a prochiral monomer coordinates to the transition metal centre of a 
chiral metallocenium ion two diastereometric transition states exist, one of which 
is favored. This type of stereocontrol is called enantiomorphic site control: the 
chirality of the metallocene determines the stereochemistry of the insertion. If the 
monomer is coordinated to an achiral metallocenium ion, the two possible transi- 
tion states are energetically equivalent; if there is no influence from chirality, an 
atactic polymer is formed in the growing polymerchain (chain end control). 

The first chiral bridged zirconocene (ethylene-bis(4,5,6,7-tetrahydro-l-indenyl) 
zirconium dichloride) was synthesized by Brintzinger [92] and gives by an enan- 
tiomorphic site control isotactic polypropylene. Ewen and Razavi [103] showed 
that a C^-symmetric bridged cyclopentadienyl fluorenyl zirconocene produces 
syndiotactic polypropylen. The activity, the molecular mass and the ^^C-NMR 
spectroscopically measured isotacticity of polypropylene obtained by different 
catalysts is given in Table 7 for comparison. 

By inserting a silyl bridge and substituting the indenyl ligands in zirconocene, 
Spaleck was able to enhance the activity and stereoselectivity of the isotactic func- 
tioning catalyst considerably. These catalysts give isotactic PP of high mole- 
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Fig. 9. Microstructures of polypropylene 



cular mass and with a melting point of 161 °C [96]. Polypropylenes made by met- 
allocenes exhibit distinct differences to conventionally produced polypropylenes, 
such as narrow molecular mass distribution, higher stiffness and greater tensile 
strength. This is caused not only by the more uniform structure, but 



Table 7. Polymerisation of propylene with different zirconocenes in toluene at 30 °C; 2,5 
bar propylene pressure; 6,25 • 10'^ mol/1 zirconocene concentration; MAO/Zr = 250 



Catalyst 


Activity 
(kg PP/mol 
Zr X h X cp) 


Molecular 

(viscosity) 

(%) 


Isotacticity 
mmmm- 
pentades (%) 


Cp2ZrCl2 


140 


2000 


7 


[En(Ind)2]ZrCl2 


1690 


32 000 


91 


[En(2,4,7Me3lnd)2]ZrCl2 


750 


418 000 


>99 


[Me2Si(Ind)2]ZrCl2 


1940 


79 000 


96 


[Me2Si(2Me-4PhInd)2]ZrCl2 


15 000 


650 000 


99 


[Me2Si(2Me-4,5BenzInd)2]ZrCl2 


6100 


380 000 


98 


[Me2C(Flu)(Cp)ZiCl2 


1550 


159 000 


0,6 
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also by the extremely small fractions of oligomeric products of low molecular 
mass. These fractions amount to less than 0,1 %, compared to 2-4 % in Ziegler- 
Natta PP. 

5.3.3 Polycycloolefins 

Metallocene catalysts are particularly important for the polymerisation of cyclo- 
olefins (cyclopentene, norbomene and their substituted compounds). In this proc- 
ess, only the double bond is opened and not the ring. Crystalline polycycloolefins 
with extremely high melting points of at least 380 °C, sometimes being higher 
than the decomposition temperature, are obtained [112]. 

While homopolymerisation of cyclopentene results in 1,3-enchainment of the 
monomer units, norbomene is inserted in 1,2-enchainment, as usual for olefin po- 
lymerisation. The problems of processing that arise from the high melting tem- 
peratures of the homopolymers can be solved by copolymerizing cycloolefins with 
ethylene [106]. 

The insertion of norbomene units into the growing polymer chain is very easy 
and only two to four times slower than the ethylene insertion. Me 2 C(t- 
BuCp,Flu)]ZrCl 2 shows not only high activities for the copolymerisation of ethyl- 
ene with norbomene, but gives an alternating stmcture with a melting point of 
320 °C. Most metallocenes produce polymers with a statistical stmcture. 

Such materials have characteristically an excellent transparency and a very high 
continuous service temperature. From cycloolefin insertion rates of 10 mol % up- 
wards, these cycloolefin copolymers (COC) are no longer crystalline but amor- 
phous. They are very resistant towards solvents and chemicals, they exhibit high 
softening temperatures (glass temperatures of up to 200 °C) and can be processed 
on a thermoplastic basis [113]. 

5.3.4 High Branched Polyolefins 

High branching, which is caused by the incorporation of long chain olefins into 
the growing polymer chain, is obtained with a new class of silyl bridged amido- 
cyclopentadienyltitanium compounds (Fig. 10) [114-116]. 

These catalysts, used by Dow and Exxon, in combination with MAO or borates, 
incorporate oligomers with vinyl endgroups, which are formed during polymerisa- 
tion by S-hydrogen transfer. As a result, long chain branched polyolefins are 
formed. In contrast, stmcturally linear polymers are obtained when catalyzed by 
other metallocenes. Copolymers of ethylene with 1-octene are very flexible mate- 
rials as long as the comonomer content is less than 10 %. Upon reaching 20 %, the 
long branched polymers show elastic properties. 
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Fig. 10. Structure of dimethylsilylamido-cyclopentadienyl-titaniumdichloride 

5.3.5 Syndiotactic Polystyrene 

Idemitsu was able to demonstrate that titanium compounds combined with MAO 
are capable of polymerizing styrene in a syndiotactical manner [104]. Moreover, 
trichloro(cyclopentadienyl)titanium (CpTiCl 3 ) has been proved to be remarkably 
active [117]. Syndiotactic polystyrene is crystalline and shows a melting point of 
275 °C, which nearly makes it a high performance plastic. 

Previously, it was already possible to produce isotactic polystyrene with classi- 
cal Ziegler-Natta catalysts with very low polymerisation activities. However, it 
crystallized so slowly that technical usages were unthinkable. Furthermore, the po- 
lymerisation activity of CpTiCl 3 -MAO catalysts was also unsatisfactory for tech- 
nical usage. If fluorinated complexes, such as trifluoro(pentamethylcyclopen- 
tadienyl)titanium are employed, the activity can be improved by a factor of 30 
(Table 8) [118]. At the same time the molecular weight rises from 169 000 to 
660 000. 

Table 8. Synthesis of Syndiotactic Polystyrene with „Half sandwich Metallocene/M AO 
Catalysts“. M^: molecular mass, M^M„: molecular mass distribution 



Catalyst 


Temperature 

(°C) 


Activity* 


M.p./°C 




WK 


CpTiCh 


50 


1 100 


258 


140 000 


1,9 


CpTiF, 


50 


3000 


265 


100 000 


2,0 


CjMesTiFj 


30 


0,01 


249 


20 000 


2,2 


C5Me5Tip3 


50 


15 


275 


169 000 


3,6 


C5Me5TiF3 


50 


690 


275 


660 000 


2,0 



*Measured in kg PS per mol metallocene per h 



The copolymerisation of styrene with ethylene, as examined by Miilhaupt 
[119], expands the property domains and employment areas. Syndiotactic polysty- 
rene has already been produced in technical amounts by Idemitsu [104]. 
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5.3.6 Supporting of Metallocene Catalysts 

Metallocene catalysts are soluble in hydrocarbons and these dissolved form un- 
suitable for the production of polyethylene or isotactic polypropylene on an indus- 
trial scale. In order to use them in existing technical processes (drop-in technol- 
ogy) instead of the conventional Ziegler-Natta catalysts, the metallocenes have to 
be applied to a powdery, insoluble substrate. One way to do so is supporting met- 
alloceneson silica, alumina, magnesium dichloride or other supports. Different 
methods are possible [120]. Two of them are: 

(1) initial absorption of MAO on the support with addition of metallocenes in a 
second step. These washed catalysts are used in the polymerisation in combination 
with additional MAO or other aluminum alkyls. 

(2) Another way of the immobilisation of the metallocene is the absorption or 
the covalent bonding by a spacer to the support surface. After addition of MAO, 
this catalytic system is used in the polymerisation process. Both procedures afford 
different catalysts and these in turn produce polyolefins with different properties 
[ 121 ]. 

The polymers obtained by method (1) are very similar to those obtained by the 
homogeneous system. Each metallocene on the support forms an active center and 
the starting point for the growth of a polymer chain. As the active sites on the sur- 
face of each catalyst grain are identical, all chains grow uniformly resulting in 
polymers with narrow molecular mass distributions [122]. 

If the metallocene is first linked to the support, different states of absorptions 
occur. Moreover, a large part of the metallocene is destroyed by acid centers. This 
different bonding leads to different active sites. Therefore, the activity is much 
lower than in the case of the homogeneous system and the molecular mass distri- 
bution of the produced polymer is much broader. 
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Abstract. Biocatalysis is an established method not only for lab scale but also for industrial 
scale synthesis of fine or speciality chemicals as well as for bulk chemicals. One has to 
distinguish between fermentation processes and biotransformation or biocatalysis. For the 
latter the biocatalyst is either a whole cell or a (partly) purified enzyme catalysing only one 
step. Whereas oxidations and reductions are most often performed with whole cells, for 
hydrolytic reactions purified enzymes are used. These are often immobilized on various 
supports enhancing their stability and facilitating their recovery. Some examples highlight 
the potential and importance of biocatalysis as useful method besides heterogeneous and 
homogeneous catalysis. 



1 Introduction 

A discussion of modem aspects of catalysis has to consider biocatalysis besides 
homogeneous and heterogeneous catalysis as well. The treatment of biocatalysis 
as a third area might be justified by the special properties of the biocatalyst as 
discussed below. On the other hand, biocatalysts can be used either as homo- 
geneous or as heterogeneous catalysts. 

When speaking about biotechnological processes one has to distinguish 
between fermentation processes where products are synthesized by 
microorganisms (bacteria, yeasts) or higher cells (animal cells, plant cells) fi*om 
components in the fermentation broth (carbohydrates, amino acids and trace 
elements). Product examples are amino acids such as L-lysine or L-threonine[l], 
vitamines (eg vitamin B12), penicillin and cephalosporin derivatives or re- 
combinant pharma proteins such as erythropoetin or Factor VIII [2]. But also for 
simple products such as 1,3 -propanediol or polymers such as polylactide 
fermentation processes are investigated at least at pilot scale [3]. In food industry 
many fermentation processes are used such as brewing of beer, production of 
vinegar or soy sauce [4]. On the other hand the term biocatalysis or biotrans- 
formation is used for processes where a starting material is converted into the 
desired product by one step only. This can be done either using whole cells or 
(partly) purified enzymes (Fig. 1). Product examples range from bulk chemicals 
such as acrylamide, fine chemicals and chiral synthons such as chiral alcohols to 
food ingredients such as high fructose com simp. Also in daily life enzymes play 
an important role: they are ingredients in washing powders, “stone washed jeans” 
are obtained by biobleaching, or citms fmits are peeled with the help of 
pectinases. 
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One Step Biotransformations Use 



biocatalyst 

educt ► product 



• whole cells • enzymes, (partly) purified 

• Prokaryonts 

- bacteria 

• Eukaryonts 

- funghi, yeasts 
(- higher cells ) 

(plant, animal) 

Fig. 1. Biotransformations using either whole cells or purified enzymes 



There are several books and reviews dealing with the use of biotransformations 
either on lab scale or industrial scale [5-13]. Some examples are given in 
section 3. 



2 Handling of Biocatalysts 

2.1 Recovery of Biocatalysts by Immobilization 

Depending on the type of biocatalyst used a specific handling including specific 
reactor requirements is necessary. For reactions where cofactor regeneration is 
necessary - this is the case in most reduction or oxidation processes - mostly 
whole cell processes are used. In these cases supply of oxygen is often a limiting 
factor, but also foaming, clogging etc has to be addressed. This is discussed in 
more detail in the textbooks about biochemical reaction engineering [14, 15]. 
When whole cell processes are used the biocatalyst may be either separated from 
the reaction medium by centrifugation or by microfiltration. Both unit operations 
can be used on a large scale and in continuously operated equipment. But also 
entrapment in gels or adsorption to carriers for use in fixed or fluidized bed 
reactors is possible. 

For hydrolytic reactions often purified enzymes are used. These are - depending 
on the solvent - homogeneously soluble and therefore show the same advantages 
as other homogeneous catalysts such as no mass transfer limitations, easy control 
of pH etc. Compared to chemocatalysts, enzymes as macromolecules inherit the 
advantage of an easy recovery by ultrafiltration. This is used on an industrial scale 
by Degussa for the synthesis of chiral amino acids [16, 17], but it is valuable for 
lab scale synthesis as well. Examples are the production of Wacetylneuraminic 
acid and derivatives [18, 19] or nucleotide sugars [20]. The concept of the 
membrane reactor has been transferred to chemocatalysts as well [21-24]. 

In the majority enzymes are used as immobilized catalysts. It is beyond the 
scope of this short introduction, to list all the different supports, coupling methods 
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or enzymes already investigated. A survey can be found in [4, 25-30]. In the 

following some important points to consider are summarised: 

• The easiest way to immobilise a soluble enzyme - besides the use of an ultra- 
filtration membrane - is the entrapment into a hydrogel such as alginate or 
carragenan. This can be easily achieved by mixing the appropriate solutions 
[31]. The resulting particles however are soft and therefore are of limited use in 
large scale industrial reactors. 

• The greatest benefit can be achieved when the enzyme is covalently attached to 
an insoluble support. By fixation of its tertiary structure the thermal stability is 
often increased dramatically leading to a catalyst with high operational 
stability. Examples for this are Penicillin G amidase in the synthesis of 6- 
aminopenicillinic acid, a building block for semisynthetic penicillins. The 
enzyme was used in more than 1000 reaction cycles [26]. Another example is 
the glucose-fructose isomerase which is used for the production of high 
fructose com simp. The record for the longest lifetime of a column containing 
the immobilized enzyme is 687 days at pH 7.5 and 55 °C [5]. 

• The support used for covalent or adsorptive attachment may be inorganic 
material such as porous glas or organic polymers [27]. The attachment can be 
either by electrostatic interactions when ion exchange resins are used. For a 
covalent attachment suitable groups of the protein - mostly amino functions - 
have to be coupled to the support which has to bear appropriate functional 
groups. A very common method is the use of amino groups on the support as 
well which can be coupled by glutardialdehyde to amino groups on the surface 
of the enzyme [37]. Another very simple method is the use of oxirane groups 
on the support which react in water with amino and sulfhydryl groups on the 
surface of the enzyme. Such material has been introduced under the name 
Eupergit® by Rohm. It is used for example for industrial preparations of 
Penicillin acylase [25, 32]. In this case a catalyst consumption of less than 1000 
U per kg of product has been achieved [33]. If the enzyme consumption is in 
this order of magnitude and the enzyme is reasonable cheap, than the catalyst 
costs are not longer the limiting factor. 

• Crystallisation is a good method for purification of enzymes. If the enzyme 
molecules in a crystal are crosslinked by inter- and intramolecular bondings, 
the protein becomes insoluble in water and mechanically more stable. This 
technique of cross-linked enzyme crystalls (CLEC’s) has been introduced by 
Altus Biologies [34-36]. Due to the high density of active enzyme in the cata- 
lyst particle mass transport limitations may occur. But also direct crosslinking 
of the protein in solution, eventually in the presence of an inert protein, is 
possible. This approach is used for many enzymes used for industrial 
applications. The enzyme is purified only to that extent that side activities are 
removed. 

• In all cases, the advantages of easier separation or prolonged operational 
stability have to be balanced against immobilization yield and the costs of the 
support and the procedure. The immobilization yield might be improved by 
performing the reaction in the presence of a substrate preserving the enzyme in 
its most active form and, more important, blocking the active centre and 
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therefore preventing reactions at this place. On the other hand enzymes are 
becoming more readily available by modem methods of genetic engineering. 
But not only the access is simplified, also the activity and selectivity for a given 
reaction can be improved or the stability can be enhanced [38-41]. 



2.2 Special Requirements of Biocatalysts 

Nature has designed its biocatalysts to perform best in an aqueous surrounding, 
neutral pH and temperatures below 40 °C. This conditions sometimes are contrary 
to the requirements of the chemist or process engineer to optimise a reaction with 
respect to space-time yield or high product concentration in order to facilitate 
downstream processing. Furthermore, enzymes as well as whole cells often show 
inhibition of product or substrates. These might easily overcome by continuously 
operated stirred reactors, fed-batch reactors or reactors with in situ product 
removal. Examples for the latter are the removal of organic acids by 
electrodialysis [42, 43] or of alcohols by pervaporation [44, 45]. A very clever 
method introduced by coworkers of Eli Lilly is shown in the examples. 

To increase solubility of substrates and/or products the addition of organic 
cosolvents is common practise [46]. However, it should be noted, that despite all 
success there is no general mle which solvent is “enzyme friendly”. To a certain 
extent, the log P concept, based on the distribution coefficient between water and 
octanol, can be used as guideline [47]. In general, solvents with a log P >3 such as 
xylene (3.1) or hexane (3.9) are less deactivating than those with a low log P such 
as ethanol (-0.24). Surprisingly, ^^r^-butanol (0.35) stabilises enzymes [48]. 
Certainly the hydrophilicity of the cosolvent is important as it allows interaction 
and breaking of hydrogen bonds which are stabilizing the tertiary structure of the 
enzyme. But not only common organic solvents have been used for biocatalysis, 
also supercritical CO 2 [49] and recently even ionic liquids have been shown to be 
compatible with enzymes or whole cells. [50-53]. 

Hydrolytic enzymes and amongst them lipases are the work horses of 
biocatalysis [9]. From nature designed to work at aqueous/organic interfaces for 
the cleavage of fats and oils to make the cleavage product accessible as nutrients 
lipases in general tolerate and are active in pure organic solvents. This concept has 
pioneered by Klibanov and coworkers [46, 54]. BASF introduced recently several 
processes for the kinetic resolution of racemic amines (compare example section). 
The enzyme is immobilized on polyacrylate and the reaction is performed in 
methyl-/er/-butylether (MTBE) as solvent [5, 55]. 

For biocatalysts the same rules apply as for other catalysts: “Reactor and 
catalyst can not be treated separately”. Therefore at least some basic information 
about kinetic and thermodynamic data is required in order to identify and get rid 
of bottlenecks. Especially the already mentioned substrate and product inhibition 
can cause problems when not properly taken into consideration. Some examples 
are discussed in detail in [56, 57]. 



3 Examples 

Today, more than 100 one-step biotransformations making use of whole cells or 
isolated enzymes are employed at an industrial scale. At lab scale, more than 
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13,000 enzyme catalysed reactions have been described. There are numerous 
books and reviews covering various aspects such as stereoselective biotrans- 
formations, special classes of enzymes such as hydrolases or food technology. A 
very recent example listing not only the different reactions but also giving details 
about the processes is [5]. Due to limitations in space, only a few examples can be 
given here. 

Biotransformations in the meaning as discussed here go back to the beginning 
of the 20^^ century. The term enzyme was already keyed in in 1867 by Kiihne, 15 
years before Ostwald gave his famous definition of a catalyst. The first 
asymmetric catalysis most probably has been performed by an enzyme: 
Rosenthaler described the HCN addition to aldehydes using (R)-Oxynitrilase (EC 
4.1.1.10) yielding chiral cyanohydrins [58]. This reaction was again investigated 
in the second half in the 20^^ century by different groups finally leading to an 
industrial process recently established by DSM Linz in Austria for the synthesis of 
(S)-phenoxybenzaldehyde cyanohydrin 3 (Fig. 2) [59, 60]. The (S)-specific 
enzyme (EC 4.1.1.11) has been cloned fi*om Havea brasiliensis. The reaction is 
performed in a two phase system with the substrate dissolved in an organic 
solvent. The process yields high-quality cyanohydrin (enantiomeric excess >97%) 
in almost quantitative yield. The resulting (S)-cyanohydrins are versatile building 
blocks for synthetic pyrethroids used as insectizides. 




Fig. 3. Oxynitrilase catalysed synthesis of chiral cyanohydrins 



But also “old processes” like the Reichstein-process for the oxidation of D- 
sorbitol to L-sorbose using Acetobacter suboxidans as key step in the synthesis of 
ascorbic acid, which has been established in 1934, are still in use. In some cases 
biotechnology offers advantages over established processes therefore replacing 
them. The reasons may be better regio-, stereo- or chemoselectivity or a better 
product purity or a simplified downstream processing. Often the incorporation of 
biocatalytic steps reduces the amount or toxicity of waste. The most popular 
example is the use of a nitrile hydratase (EC 4.2.1.84) from Rhodococcus 
rhodochrous for the production of acrylamide 6 starting from acrylnitrile 4 (Fig. 
3). This process replaces the older copper-catalysed process. Meanwhile more 
than 30,000 ta’^ are produced by this process which is about 30% of the 
acrylamide worldwide [61, 62]. Another example is the production of 7-amino 
cephalosporinic acid (7-ACA). A two step enzymatic process consisting of a D- 
amino acid oxidase (EC 1.4.3. 3) and a Glutaryl acylase (EC 3.1.1.41) has replaced 
the old chemical process for cleaving Cephalosporine C obtained from a fer- 
mentation process. Both enzymes are immobilized on a support [26, 63]. The 
enzymatic process drastically reduces the amount of waste: 0.3 t per ton of product 
compared to 31 t for the chemical method. Thus the costs for waste disposal could 
be reduced by 20%. 

For the enantioselective ketone reduction very often whole cells are used to get 
rid of the problem of cofactor regeneration. Zmijewski and coworkers have 
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described the reduction of 3,4-methylenedioxyacetophenone 7 to the corres- 
ponding (S)-alcohol 8 by using whole cells of Zygosaccharomyces rouxii (Fig. 3) 
[64, 65]. As the substrate is toxic to the cells at higher concentrations it is 
adsorbed on a hydrophobic XAD-7 resin (80 g L'^ resin) and added to the reaction 
mixture. The substrate is desorbed into the aqueous phase to its maximum 
solubility of 2 g L'\ The formed alcohol is also adsorbed to the resin thus 
simplifying downstream processing. Due to the size of the resin particles and the 
much smaller cells the resin can be recovered easily by filtration. The alcohol is 
liberated by washing the resin with acetone: 96% yield, >99.9% ee. The 
productivity of this process is 75 g L * d 

BASF has introduced recently a process for the kinetic resolution of racemic 
amines 9 by transesterification. The lipase (EC 3. 1.1. 3) from Burkholderia 
plantarii is immobilized on polyacrylate and the reaction is performed in MTBE 
[46, 54]. Ethylmethoxyacetate 10 is used as second substrate. But the key step 
during process development was the discovery that freeze drying the lipase 
together with fatty acid increases its activity in the organic solvent by several 
orders of magnitude. The process is now operated at a >100 t a'^ scale. The 
residence time is 5-7 h. Due to the kinetic resolution the conversion is limited to 
50%. The yield is 90% and the ee >99%. 

It is likely that an increasing number of processes which are either using bio- or 
chemocatalytic steps will compete. One example is the synthesis of L-DOPA 
which is used for treatment of Parkinson. Monsanto had commercialised the 
process using a Rh-catalysed enantioselective hydrogenation of the corresponding 
unsaturated amino acid derivative [6, 66, 67]. The competing biocatalytic process, 
commercialised by Ajinomoto, starts from catechol 12 and pyruvic acid 13 
(Fig. 3). Whole cells of Erwinia herbicola are used containing a tyrosine phenol 
lyase (EC 4.1.99.2) [5, 68]. The reaction is performed as fed batch process at a 
reactor volume of 60 m^ at a scale of 250 t a \ 

Finally, two examples shall be used to highlight that integrated processes using 
both, chemical and biocatalytic steps, can be of great interest and use, even when 
the biocatalytic step is only used to remove a byproduct as in the second example. 

Lonza has introduced a process for the production of nicotinamide 21 starting 
from 2-methylpentane- 1,5-diamine 17. This starting material is obtained by 
hydrogenation of 2-methylglutamitril, a byproduct of the Nylon-6,6 production. 
The overall process contains gas-phase cyclisation, a Pd-catalysed dehydro- 
genation, an ammonoxidation and the enzymatic hydrolysis (Fig. 4) [69, 70]. For 
the biocatalytic step the same enzyme is used as for the production of acrylamide. 
The yield and selectivity of the biocatalytic step is >99%, whereas the alkaline 
hydrolysis of 3-cyanopyridine gives 4% of nicotinic acid as byproduct. 

Novartis is using catalase (EC 1.11.1.6) from a microbial source to decompose 
hydrogen peroxide 24 which is formed as a byproduct during synthesis of 
dinitrobenzyl 23 (Fig. 5) [5, 71]. Decomposition using a heavy-metal catalyst does 
only yield in incomplete conversion. Furthermore, following steps for converting 
dinitrobenzyl are sensitive to contamination with heavy metals. By this enzymatic 
treatment the H 2 O 2 content is reduced from 7,000 ppm to <200 ppm. 
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4 Conclusions 

Biocatalysis has established itself as useful method. It took some decades to bring 
the vision of Sir Cyril Hinshelwood into life: “Bacteria are capable of bringing 
about chemical reactions of amazing variety and sublety in an extremely short 
time. Many bacteria are of very great importance to industry where they perform 
tasks which would take much time and trouble by ordinary chemical methods.” 
[72]. Important for the success of biocatalysis are several factors: 

• An interdisziplinary approach combining the expertise of chemists, micro- 
biologists and engineers at an early stage of process development to test bio- 
catalytic steps from the beginning, not when all other methods have been failed. 

• The methods of genetic engineering for better production of enzymes and 
altering their properties. This will be of increasing importance for the future 
when metabolic engineering is used to create new metabolic pathways in 
bacteria to synthesize the desired product [73]. There are first examples of this 
type of “designer bugs” eg for synthesis of indigo [5], antibiotics [74] or 
nucleotide sugars [75, 76]. 
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Abstract. Aspects of kinetic analysis are reviewed taking into account different scopes of 
applied heterogeneous catalysis: the micro-kinetic analysis for reaction synthesis, i.e. 
analysis of rate determining steps and derivation of optimised catalyst design; the kinetic 
analysis of complex reactions under closed-to-process conditions for optimisation of 
catalysts and reactor operation; the analysis of the interplay of kinetics and transport 
processes for optimisation reactor design as well as experimental methods of kinetic data 
acquisition as a basis of kinetic modelling. 



1. Introduction 

Kinetic analysis of catalytic reactions includes a diversity of goals. Depending on 
the aspect on which a certain kinetic study is focused different theoretical and 
experimental method are preferred. Accordingly, this chapter will focus on three 
typical scopes of kinetic analysis in the field of applied catalysis and will describe 
state-of-the-art strategies to achieve desired information and results: 

• Micro-kinetic analysis for catalytic reaction synthesis 

According to Dumesic [1] the term ‘‘catalytic reaction synthesis” is defined as a 
coherent description of how a catalyst in a catalytic-reaction cycle influences the 
concentration of reactants depending on their initial concentration and on 
temperature. If fundamental knowledge (specification of surface intermediates 
structure and elementary steps) is used for catalytic reaction synthesis the catalyst 
and process development are expected to become more targeted than conventional 
screening of kinetic data together with subsequent data fitting. In this context, 
micro-kinetic analysis reveals an innovative field of catalysis since it takes up 
newest developments in theoretical chemistry, surface science, coordination and 
solid-state chemistry. 

In the section 2, experimental and theoretical principles, which were suggested 
for deriving micro-kinetic parameters such as sticking coefficients, activation 
energies of single reaction steps and heats of adsorption based on theoretical as 
well as microscopic and macroscopic semi-empirical correlations are briefly 
reviewed. 

• Kinetic analysis of complex reaction systems under close-to-process 
conditions 

As a result of catalytic reaction synthesis by micro-kinetic modeling crucial 
steps which affect the overall rate and selectivity can be identified, their rates can 
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be determined, and their changes due to gradual modifications of catalyst pro- 
perties can be determined. Hereby, feedback to catalyst design (elemental 
composition and/or surface structure) and optimal reaction conditions are ob- 
tained. 

This approach is a straight forward one in homogeneous catalysis, where the 
sphere of catalytic activity is clearly marked off by the catalytic complexes [2]. 

In heterogeneous catalysis up to now, catalytic reaction synthesis based on 
micro-kinetic approach was most successful when applied to metal catalysts where 
information about electronic and atomic surface processes can be obtained by 
modem experimental tools of surface science [3]. However, for catalysts of 
polycrystalline or amorphous nature and complex composition (e. g., mixed 
oxides), the identification of surface and bulk stmctures which are relevant for 
catalysis and the estimation of kinetic parameters on an elementary-step level are 
still unsolved problems, since the contributions of surface and bulk to catalytic 
reactions cannot easily be separated and, moreover, catalyst structure might 
successively change with increasing degree of conversion as well [4]. 

Accordingly, section 3 in which the state of the art in kinetic analysis is 
analyzed presents an overview on present activities in the field of modeling 
complex catalytic processes. 

• Analysis of the interplay between reaction kinetics and transport 
processes 

The substantial aim of the analysis of the interplay between reaction kinetics, 
catalyst morphology and fluid-dynamic conditions is the proper choice of a reactor 
design for technical application. In this field, the application of micro-kinetic 
models might give new insight especially in processes where homogeneous and 
heterogeneous reactions are coupled via common reaction intermediates. Here, the 
interplay of reaction kinetics, pore-stmcture of catalyst particles and fluid dyna- 
mics plays a decisive role and determines the reactor performance. Thus, section 4 
considers especially these challenging aspects of reaction-engineering kinetics. 

Irrespective the purpose of kinetic analysis, the derivation of kinetic models 
requires a suitable basis of experimental data under steady-state as well as un- 
steady-state conditions. The state-of-the-art of experimental techniques will be 
presented in section 5. 

For further reading in the field some selected books [1], [5], [6], [7] and articles 
are recommended [8], [9], [10]. 



2. Micro-Kinetic Analysis for Catalytic Reaction Synthesis 

At the present state of understanding, micro-kinetics models consist of rate 
expressions describing rates of elementary steps (see equ. (1)) without assuming a 
certain rate determining step within a full catalytic reaction cycle. It is supposed 
that all elementary steps (forward and reverse) are included explicitly into the 
model. A further demand of micro-kinetic models concerns the kinetic parameters, 
which have to be accurate and consistent with respect to experimental 
observations, thermodynamics as well as to electronic structure calculations. From 
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this approach, a large predictive power of micro-kinetic models is expected 
allowing the coverage of a large range of reaction conditions. Accordingly, the 
derivation of kinetic parameters being constituents of rate equations like equ. (1) 
requires the compilation of information from different theoretical and expe- 
rimental investigations. Such constituents are numbers of active sites Zy, pre- 
exponential factors Aj, activation energies Ea as well as a surface site 
heterogeneity function O(fly) which describes the fact that sites of different affinity 
exist with respect to a species j. 
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In this context, equ. (.1) expresses a mean reaction rate accounting for the average 
site affinity resulting from the normalized integral 

r = J {r{d)^{a))da / J 0(a) da . (2). 

In the subsequent paragraphs tools to determine the particular constituents of 
equation (1) are summarized. Moreover, limitations of the established paradigm of 
micro-kinetics which became obvious from new insights into catalytic processes 
based on theoretical calculations and surface-science findings will be touched. 



Determination of Numbers of Active Centers Z. 

For homogeneous catalysts, Zj can be easily determined since it is equivalent to 
the number of catalytic complexes solved in a solution of substrates and additives. 
For solid catalytic surfaces, however, the number of active sites, cannot be 
determined in a straightforward way if the catalytic surface does not consist of a 
particular single-crystal surface where the types of catalytically active sites are 
known. For surfaces of polycrystalline catalysts as applied in technical processes, 
only a part of surface atoms might act as catalytic centers (atoms at steps or edges, 
atoms in the near of defects or belonging to certain crystallographic surfaces) [5]. 
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As an experimental approach for the determination of Z^, chemisorption 
experiments are generally employed. For example, hydrogen and carbon mon- 
oxide are typically used to measure metallic surface area on supported catalysts 
[11]. The resulting equilibrium data reveal all sites, which have a potential to be 
covered by a respective gas-phase species. However, under reaction conditions, 
there exist sites, which bond molecules very strongly and which are, consequently 
occupied during the whole catalytic cycle without taking part in the catalytic 
process(so-called “spectators”). On the other hand sites might exist, which reveal 
a very weak bonding to a specific gas-phase molecule Ai. Hence, the respective 
molecule would be displaced by other gas-phase reactants which have a stronger 
affinity to these sites and the respective site would not play a role in activating that 
molecule Ai at all. The presence of sites related to different adsorption energies 
can be taken into account by the termO(ay) which describes the surface non- 
uniformity. 



Determination of pre-Exponential Factors Aj 

Orders of magnitudes of pre-exponential factors can be estimated by collision 
theory or transition state theory [1]. For both models, the mathematical description 
is based on the assumption that the rate of a reaction between molecules A and B 
is determined by the number of collisions and the probability that these collisions 
lead to a chemical reaction. In contrast to collision theory, the transition state 
theory in its microscopic formulation allows to take into account for details of the 
molecular structure of reactants. For this purpose, it is assumed that an equilibrium 
between reactants and an activated complex AB^ is established. This activated 
complex can be understood by means of the potential energy diagram, which 
describes the relationship between potential energy and atomic coordinates of 
reactants and products. The saddle point within this potential energy diagram 
corresponds to the lowest energy barrier that must be surmounted to form the 
products. The molecular configuration of the active species at this saddle point is 
defined as the transition state. 

Transition state theory allows rapid initial insight into the reaction kinetic 
processes since the equilibrium constant for the step from reactants to the 
activated complex can be derived based on molecular partition functions of 
statistical thermodynamics. Depending on the reaction type (homogeneous gas- 
phase reaction or surface reaction step), different degrees of freedom of reactive 
species result. For instance, for adsorbed species, the degrees of freedom are, of 
course, restricted. Dumesic gave an overview on orders of magnitudes of pre- 
exponential factors of rate constants depending on the reaction type and the 
adsorption state of reacting species [1]. 

Determination of Activation Energies 

In contrast to pre-exponential factors which can be derived based on the partition 
function assuming equilibrated states of the considered molecules, for the 
estimation of activation energies, one still cannot proceed completely without 
experimental information since non-uniform surface structure influence the 
energetic relationships. A single molecular process can be studied either by 
performing a molecular dynamics simulation or by using transition state theory 
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(calculating energy barriers and pre-exponential factors by DFT, [12], [13]). 
However, presently, still due to computer limitations it seems unlikely that 
complete heterogeneous processes can be treated by molecular dynamics since 
statistical sampling for the non-uniform surfaces leading to competing processes 
becomes crucial. Handling of statistics is the essence of kinetic Monte-Carlo 
methods. Their usage requires high computational effort (see paragraph 
“Consideration of heterogeneity of active sites in kinetic rate equations”). 

Based on experiments, activation energies can be derived from sets of kinetic 
data obtained at different temperatures. To determine activation parameters of 
particular reaction steps, experiments focusing on certain surface process such as 
adsorption, desorption and surface reactions of certain reactant molecules are 
required. Accordingly, temperature programmed desorption and surface reaction 
experiments lead to the desired information [14] , [15], [16], [6]. 

The differential heat of adsorption obtained by micro-calorimetry [17] provides 
information about enthalpy values, i. e., strength of interaction between adsorbates 
and the adsorption site. Entropy values of adsorption can be determined by 
combining calorimetry with volumetric adsorption measurements. Such data 
reveal information about the mobility of the adsorbed species and, hence, about 
the role of energetic versus steric effects in controlling the kinetic rate constants 
over a series of catalysts [18], [19], [20], [21]. 

If no direct experimental information on activation energies is available, semi- 
empirical estimates based on microscopic or macroscopic correlations can be used 
which provide the bridge between (surface) thermodynamic quantities and 
(surface) kinetic properties [1]. Microscopic correlations involve a description of 
the catalytic process in terms of the geometry of active sites and the surface 
species on these sites. Typical microscopic correlations include molecular orbital 
calculations and bond-order conservation correlations for the estimation of surface 
bond energies. Molecular orbital correlations based on quantum chemical calcu- 
lations may be used to capture the essential bonding properties of known 
molecules and estimate the chemical bonding properties of related unknown 
surface species. Accordingly, an effective strategy is to calibrate a semi-empirical 
quantum mechanical method (e. g. molecular orbital calculations) for stable 
molecules that possess structures and chemical bonds believed to be important in 
the critical reaction intermediates of the catalytic cycle. Bond-order conservation 
theory according to Shustorovich [22], [23], [24] is based on the assumption that 
two-center bond interaction between one atom of an adsorbed molecule and a 
surface atom can be described using a Morse potential. The total energy of the 
adsorbate complex results from the sum of all interactions between the atoms of 
the adsorbed molecule and surface atoms while the bond order is maintained and 
normalized to unity. This correlation can be used to estimate surface-bond 
energies of reaction intermediates in terms of measured heats of adsorption of 
various probe molecules and bond energies of gas-phase molecules. 

Even if no information on the structure of the adsorbates is available, 
phenomena, which are macroscopically observable (e. g., electronegativity of 
atoms involved in a heterolytic bond, acid-base interactions and ionization 
potential) may be correlated with the strength of the chemical bonding of reaction 
intermediates believed to be important. This approach corresponds to the so-called 
empirical macroscopic correlations. An overview on microscopic and macroscopic 
correlations is presented in Tables la and lb. 
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Table la: Microscopic empirical correlations [1] 



Correlation 


Theoretical/empirical bases; Underlying 
assumptions 


Examples of Application 


Empirical methods 


bond-order-conser- 

vation 

[22], [23], [24] 


Estimation of surface bond energies of 
reaction intermediates based on information 
or assumption about adsorption stoichiome- 
try and adsorbate stmcture 


CO oxidation over metal 
surfaces 


Evans-Polanyi 
correlation [1] 


Correlation between activation energies for 
formation of chemical bonds (e. g., C-H, 0- 
H, C-O, C-C) and heats of adsorption of 
reactants: 

with - intrinsic activation barrier, - 

transition coefficient 


complex mechanisms treated 
by grouping elementary 
steps into families of 
reactions such as hydroge- 
nation, dehydrogenation and 
isomerization reactions of 
paraffines catalyzed by 
metal surfaces 


Semi-empirical methods 


Extended Hiickel- 
approximation / 
Atomic Superpo- 
sition and deloca- 
lization [25], [26], 
[27] 


Semi-empirical calculations of adsorption 
geometry and energy 


Methane oxidation over 
vanadium and molybdenum 
oxide [1] 


Molecular Orbital 
correlation [25] 

[28], [29] 


a) Calibrating molecular orbital calculations 
for stable molecules that possess stmctures 
and chemical bonds believed to be impor- 
tant in the critical reaction intermediates of 
the catalytic cycle 

b) Transferring known ratios of intrinsic ac- 
tivation barriers of gas-phase reactions cal- 
culated by quantum mechanics to those of 
catalytic reactions in order to estimate pro- 
babilities of alternative catalytic reaction 
pathways 


Methane oxidation over 
vanadium and molybdenum 
oxide [1] 

Interaction of gas-phase 
molecules with noble metal 
surfaces (Pt, Rh) [30], [31]. 



Table lb: Macroscopic empirical correlations 



Correlation 


Theoretical/empirical bases; 
Underlying assumptions 


Examples of Application 


Drago-correlations [32], 
[33], [34] 


Correlation between electronegativity 
of atoms and heat of acid-base 
reactions 


Systematization of silica- 
alumina catalysts with res- 
pect to acid-base properties 
[1] 


Proton affinity and 
ionization potential 
correlations [1] 


Correlation between proton affinity of 
bases and heat of adsorption on acid 
catalysts 


Prediction of surface acidity 
based on elemental catalyst 
composition 
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Consideration of Heterogeneity of Active Sites in Kinetic Rate Equations 

Surface non-uniformity with respect to activity of catalytic sites may result either 
from energy distribution of different surface sites, from adsorbate induced restruc- 
turing of catalytic surfaces or from adsorbate-adsorbate interactions. At the 
present state of art inclusion of surface non-uniformity in micro-kinetics is still 
considered as a challenging task [9]. 

Energy distribution of different surface sites 

Site heterogeneity may result from different coordination states of surface 
atoms acting as adsorption site. This effect can be considered within rate equations 
by definition of a heterogeneity function 0(a) (see equ. (1)) which defines the 
probability that an arbitrary site is characterized by an adsorption affinity a. 

In principle, one can find mathematical expressions for 0(a) to describe each 
type of adsorption isotherms exactly by fitting the 0(a) functions to experimental 
data [35]. However, the physical meaning remains questionable in most of the 
cases of arbitrary usage and fitting of 0(a) functions. To define proper 
heterogeneity functions experimental evidences from measured differential heat of 
adsorption [9] are required which can be obtained from microcalorimetry using 
small increments of gas to progressively saturate the surface sites. The respective 
sensitive experimental equipment (Calvet microcalorimeters) is described in [17]. 
A typical micro-calorimetric experiment involves the measurement of the 
differential heat of adsorption vs. surface coverage. After each dose of a small 
amount of probe molecules the thermal and pressure equilibration of the system 
must take place before a subsequent dose of gas can be introduced. The sum of 
heats involved in the various doses to reach a certain surface coverage is the 
integral heat of adsorption at the corresponding surface coverage. The derivative 
of the integral heat with respect to coverage gives the differential heat of 
adsorption. In general, the differential heat varies with surface coverage. The 
surface coverage is determined from the adsorption isotherm, which has to be 
recorded simultaneously. Based on these experiments, 0(a) can be determined and 
be built into the micro-kinetic model relating the surface bond energies to the 
surface coverage. 

Lateral adsorbate interactions 

Catalytic surfaces may appear to be non-uniform because of adsorbate-adsor- 
bate interactions. Lateral interactions between adsorbed species can lead to 
phenomena such as two-dimensional phase transition (e. g., formation of adsor- 
bate islands on metal surfaces). In such cases which are inherently difficult to treat 
by analytical rate expressions, the rate constants for reactions between two surface 
species will depend on their local environment (e. g., edges or surfaces islands of 
adsorbed species). 

The underlying physical processes can be studied based on Monte Carlo 
simulations of the surface processes using statistical mechanics as the theoretical 
basis. The calculation starts with a particular configuration of surface entities. 
Consequently, reactive processes such as adsorption, desorption, combination of 
species on the surface, their repulsion and surface diffusion are simulated using 
the potentials of intermolecular interactions. An overview on applications of 
Monte-Carlo methods was given e. g. in [36], [37]. 
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Adsorbate induced restructuring of catalytic surfaces 

Several spectroscopic and microscopic studies combined with molecular beam 
techniques [38] indicated that catalytic surfaces can change their structure and 
hence their number of active sites during a surface reaction. Such surface recon- 
struction processes can be reflected realistically by quantum chemical calcu- 
lations. These calculations are presently performed on different levels of comple- 
xity [9]: Cluster models use a small number of atoms to represent the catalyst and 
capture only the local environment around the active site [27]; embedding 
schemes treat a small region of the catalyst quantum mechanically and use classi- 
cal methods to incorporate long-range interactions [39]. To enable even more 
direct comparison with experimental results ab initio methods that treat the infinite 
solid with periodic boundary conditions are being used with increasing frequency 
mostly for metal surface but also for bimetallic systems [9]. Systems that have 
been examined in detail, e. g., were the nitrogen adsorption on Fe(l 1 1), (100) and 
(110) surfaces [40], [41], and the CO oxidation over a Ru surface [12]. 

Nevertheless, the present incomplete quantitative understanding of surface 
processes on a microscopic scale and the computer limitations restrict the ab-initio 
investigation of sustained heterogeneous processes combined with statistical 
mechanics calculation. As fare as that goes, the mean-field approximation which 
describes the influence of surface coverage on the rate of surface reactions based 
on assumptions of a homogeneous surface, a random distribution of surface 
species and certain parameters for lateral interaction of species is still the preferred 
micro-kinetic approach. Examples of the application of mean field approximation 
were given by Stoltze and Norskov [42]. 

Elucidation of Rate Determining Steps (RDS) 

The elucidation of the reaction step determining the overall rate in a sustained 
catalytic reaction cycle is one of the main aims of micro-kinetic analysis for 
reaction synthesis since it reveals information on how to decrease the free-energy 
barrier of a catalytic process by modifying the catalytic surface. Criteria on how to 
determine the RDS based on give a reaction scheme and rate constants were 
suggested by Boudart [43], Baranski [44], Dumesic [45] and in their most general 
form by Campell [46]. 



3. Kinetic Analysis of Complex Reaction Systems 
Under Close-to-Process Conditions 

As mentioned above micro-kinetic analysis for reaction synthesis includes ele- 
mentary steps and uses rate constants derived either from theoretical calculations 
or from direct measurements. As far as all information required to fulfil the 
paradigm of micro-kinetic modelling is available this approach can be applied to 
predict optimal catalyst design at a very precise and detailed level. Until now, this 
rigorous approach requires a tremendous effort in theory and experiments inclu- 
ding catalyst preparation and observation techniques to complete the picture of 
kinetics of catalytic processes as it was demonstrated by Freund et al. [47] for CO 
oxidation on model catalysts consisting of defined Pd clusters supported on an 
alumina film. 
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In most of the cases where polycrystalline/polymorphous catalysts are 
considered for applied purposes (i. e., development and optimisation of catalytic 
processes) the gap of microscopic information has to be covered either by model 
simplifications and/or by deriving kinetic constants from numerical fitting of 
model responses to appropriate experimental data which yield significant 
information on the kinetic processes of interest. Usually, the experimental data 
result either from transient studies, particular of adsorption, desorption and 
reaction processes [48], [49] or from steady state measurements which reveal 
information of the sustained catalytic reaction cycle [50], [51]. 

For transient kinetic data, partial differential equations must be solved for cal- 
culating mass balances for both surface and gas-phase species along a catalytic 
reactor whereas for the steady-state approximation, the rate molar rate of change 

Thus, in the steady-state case, the coverage is calculated from a system of 
nonlinear equations. It must be emphasized that this approximation eliminates the 
possibility to describe transient behavior but it can be well used to describe 
steady-state conversion and selectivity of an equilibrated catalyst bed. The 
simplest example for the steady-state approach is the Mars-van-Krevelen type rate 
equation which was derived in its original form to describe redox-type reactions 
where the lattice oxygen of oxide catalysts is involved in the catalytic reaction 
cycle [52]. 

The success of micro-kinetic analysis based on fitting model responses to 
experimental data depends strongly on the availability of proper software. 
Meanwhile, various programs are available [53], [54], [55], [56]. 

Besides the solution of large sets of coupled differential equations, tools for 
estimation of kinetic constants are required. The procedure of parameter 
estimation, of course, has to be supported by the preliminary estimation of the 
likely range of the kinetic parameters that describe the elementary reactions. Id 
est, the background of micro-kinetic analysis is an essential requirement. 

Studies dealing with numerical and statistical aspects of kinetic parameter 
estimation are presented in [53], [56]. 

The usability of parameter estimation for analysis of relationships between 
solid and catalytic properties based on kinetic models without supposing rate 
determining steps was demonstrated for different complex catalytic processes such 
oxidative coupling of methane to C 2 hydrocarbons and partial oxidation of ethane 
to acetic acid, water-gas shift reaction and DENOX processes [50], [51], [57], 
[58]. 

For analysis of reactions in the traditional way, different strategies of simplifi- 
cations of kinetic models exist. If model simplifications are used, rate expressions 
with effective kinetic rate constants have to be derived resulting from fitting of 
model predictions to experimental data. The physical meaning of the remaining 
rate expressions and rate constants depends on the degree of simplification. In 
general, the degree of simplification has to be adapted to the aim of kinetic mo- 
deling, but also depends on the complexity of the reaction systems under conside- 
ration. Thus, simplifications are very much used when difficulties in formulating a 
kinetic model for a complicated reaction mechanism arise and when an analytical 
form of a kinetic model is required to simulate chemical reactors (see further 
below). 

Strategies of simplification are: 

Boudart's concept of most abundant surface reaction intermediates [5] 
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The first step of simplification concerning the underlying reaction mechanism 
is the estimation of the simplest set of chemically realistic elementary reactions 
that are likely to include enough detail to fit and predict the experimental data. 
Often, the true reaction mechanism consists of a sequence of reaction steps among 
which one is the rate determining and determines the overall rate. Accordingly, the 
reaction intermediate, which is converted in the rate-determining step, appears as 
most abundant (MASI) surface intermediate. For instance, all other intermediates 
except the MASI and the free sites are less abundant. If the most abundant 
intermediate could be unambiguously identified, the sequence of reaction steps 
can be reduced to the rate-determining step. The application of this concept has 
been firstly demonstrated by Boudart for various examples [5], [8]. The limitation 
of the usability of this concept concerns the fact that the MASI might change 
depending on reaction conditions. 

Langmuir-Hinshelwood kinetics; Hougen-Watson formalism [59] 

For the derivation of rate expressions it is assumed that reactants adsorb on a 
catalytic surface according to Langmuir-adsorption isotherms.For instance, all 
adsorption sites are energetically equivalent, no lateral interaction exist between 
the molecules and the total number of active sites is independent on reaction 
conditions. Moreover, the catalyst surface attains its steady-state. Depending on 
the strength of adsorption of the different reactants and products as well as the rate 
of surface reaction, different functional relationships between reactant concen- 
tration and rate of molar change of reactants can be discriminated supposing a 
differential range of conversion. Thus, kinetic analysis based on Langmuir- 
Hinshelwood kinetics allows the derivation of the underlying reaction mechanism 
of heterogeneous reactions to a certain extent. Hougen and Watson extended the 
scheme of derivation of rate equation by the explicit consideration of the reverse 
reaction. An overview about the different types of rate equation and their appli- 
cation was given by Tschemitz et al. [60]. A general problem in applying the 
required experimental approach results from the fact that a differential conversion 
cannot be ascertained even if the range of conversion is low, since both adsorption 
of products as well as very fast consecutive reactions of intermediates cannot be 
excluded [61]. In principle, concepts based on a set-up of rate-determining steps 
(MASI and Langmuir-Hinshelwood and Hougen-Watson kinetics) are limited to 
certain experimental conditions since the rate-determining step might change 
depending on concentration of reactants, temperature or degree of conversion, 
respectively. 

However, until now, the Hougen-Watson concept was very successfully applied 
since a large variety of catalytic reactions [62] could be described under the 
steady-state conditions. Usually, different rate equations of the Langmuir- 
Hinshelwood-type are able to describe the experimental data with similar quality, 
which results from the large number of kinetic parameters making the 
mathematical expressions very flexible. This, in turn, implies that an adequate fit 
of experimental data by these rate expressions does not give any final evidence for 
a certain reaction mechanism. If more detailed information on the reaction mecha- 
nism is desired for the purpose of interpreting the behavior of catalysts, the steady- 
state experiments to which the Langmuir-Hinshelwood equations exclusively can 
be applied must be supplemented by non-steady-state experiments. 
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Due to the flexibility of the Langmuir-Hinshelwood/Hougen-Watson rate equa- 
tions in describing different reactions, they are mostly used for simulation and 
optimisation of industrial reactors operated under steady-state conditions. 

Lumping of reaction groups / reactant groups 
If very complex reaction processes including large numbers of reactants shall 
be described special methods were developed which lump reactants with similar 
properties into groups of pseudo species representing essential chemical properties 
of groups of reactants. This approach leads to a reduction of the number of rate 
equations and plays an important role in analyzing kinetic processes in oil refinery 
such as fluid catalytic cracking (FCC) [63], [64], [65], [66]. An overview over 
these methods was given in [67]. 



4. Analysis of the Interplay Between Reaction Kinetics 
and Transport Processes 

Optimisation of reactor performance including scale-up of catalytic processes to 
industrial sizes deals with complex interactions of transport phenomena and 
chemical kinetics. 

Until now, the huge amount of scale-up studies, is, however, based only on 
little knowledge of reaction kinetics [10]. 

In process optimisation it turns out that only in the minority of cases the 
catalyst activity is the decisive factor for sizing the industrial reactor [10]. The 
catalyst volume is often determined by heat transfer restrictions or aging or 
poisoning of catalysts. Thus, industrial reactor concepts have to take into account 
the catalyst life time and the method of regeneration [68]. Considering especially 
this latter aspect which is related to complex non-steady-state catalytic processes, 
one becomes aware of the usefulness of detailed micro-kinetic analysis (see 
above). 

For so-called “ppm-reactions” aiming at complete conversion at ppm-level such 
as SCR reaction, HDS or trace-CO methanation [10], [69], [70], the interaction 
between diffusion restrictions and intrinsic kinetics becomes complex as the 
concentration of reactants approaches zero [71] and poor mixing and possible by- 
pass effects may have an important impact on reactor performance [69]. 

Both, aging/poisoning processes and “ppm-reactions” are strongly influenced 
by external and internal transport processes, i. e., mass and heat transfer between 
gas-phase and catalyst surface and inside porous catalyst pellets. 

The simulation of the intrinsic kinetic processes and of pore diffusion 
phenomena with the aim of optimization pore-size and shape of catalyst particles 
received a large impact due to the developments of fast computers on one hand 
and due to the development of molecular-dynamic, Monte-Carlo and quantum 
chemical methods on the other hand [72], [73], [74]. A comprehensive overview 
on this topic was given by Keil [6]. The interplay between diffusion processes in 
micro-porous media and on catalytic surfaces can be described meanwhile by 
methods of statistical mechanics as well. Reactant molecules can hop between 
sorption sites with probabilities governed by activation barriers which can be 
derived from transition state theory. 
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Recently, the numerical simulation of catalytic reactors obtained new impact 
due to the rapid developments in the field of computational fluid-dynamics (CFD) 
where the flow field inside the reactor is described based on the multi-dimensional 
Navier-Stokes equations. Meanwhile a variety of commercial CFD codes exist (e. 
g., FLUENT, CFX ACE, Star CD) [75] which allow the simulation of very com- 
plex flow configurations. While homogeneous reactions can be conveniently 
treated by these commercial tools, the implementation of complex surface reaction 
processes into the codes is still difficult. For this purpose, the software package 
DETCHEM has been developed [76] which consists of a basic module for 
modeling chemical reaction kinetics and CFD applications including single 
monoliths channels and entire monoliths. The package can be coupled with com- 
mercial CFD codes as well. This tool was already applied to simulation of gaseous 
chemically reacting flow and heterogeneous reactions. Until now, the flow-field 
simulation was coupled with models for the temperature and composition 
dependent transport coefficients, heat transfer and complex reaction mechanism 
for different catalytic oxidation-reaction processes such as partial oxidation of 
methane and ethane [77]. Moreover, ignition processes in flameless catalytic 
burners as well as catalytic monoliths such as automotive catalytic converters 
where investigated based on the application of DETCHEM. 



5. Experimental Methods for Kinetic Data Acquisition 



The different levels of details of kinetic models do require a different extend of 
data basis. If the intention of kinetic modeling is a pragmatic one, i. e. the be- 
havior of steady-state reactor performance in a certain range of conditions shall be 
described, the usage of Langmuir-Hinshelwood/Hougen Watson models or models 
with the MASI approximation would be sufficient. For this type of kinetic 
modeling, in turn, steady-state kinetic data obtained in conventional steady-state 
lab-scale reactors allows the derivation of kinetic parameters. The only require- 
ment, which has to be fulfilled by the catalytic reactors, is the realization of 
defined (ideal) fluid dynamic conditions with respect to the contact time distri- 
bution (either plug-flow or continuous stirred tank reactor allowing an easy 
derivation of molar rate of changes of reactants). As soon as more detailed infor- 
mation on the reaction mechanism as well as on transient states of the catalytic 
surface (or reactor) are desired, steady-state kinetic experiments are often not 
sufficient. Consequently, equipment allowing transient studies is required for this 
purpose. 

Summaries on the design and application of reactors for kinetic data acquisition 
were for example written by Weelanan [78], Christoffel [79] Anderson and Pratt 
[80] and Baems, Hofmann, Renken [7]. Reactors for transient studies were 
described in several papers [81], [82], [83], [84], [85], [86], [87]. 



5.1 Steady-State Reactors 

Steady-state reactors are operated either in an integral or differential mode. The 
advantage of the differential mode of reactor operation is the direct derivation of 
molar rates of changes of reactants. However, differential conditions can be 
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ascertained only in a narrow range of conversion of reactants. For the plug-flow- 
type reactor, the criterion for the differential range of conversion is the appearance 
of an linear relationship between concentration and contact time. Than, the molar 
rate of change can be simply derived by the quotient Ac/t where Ac is the 
difference of inlet and exit concentration of a reaction component and x is the 
contact time in the reactor. This criterion is often fulfilled for low contact time 
values leading to reactant conversions lower than 10 %. However, there are cases, 
where very fast consecutive reactions take place even in this low conversion range 
(this happens for instance in combustion reactions of partial oxidation of stable 
alkanes where the reaction intermediates (alkenes or oxygenates) are converted to 
carbon oxides much faster than they were formed). In such cases, the rule of 
thumb that differential conditions are obtained below a conversion of 10 % might 
lead to misleading data evaluation. 

A possibility to establish experimental conditions allowing the direct derivation 
of molar rate of changes based on simple Ac/x ratios even for larger ranges of 
conversion is the use of gradient-free reactors corresponding to fluid-dynamic 
conditions of continuous stirred tank reactors. 

While for homogeneous catalytic reactions this operation can be realized 
simply by stirring, for heterogeneous catalytic reactions, special designs for com- 
plete gas mixing within the catalyst bed is required. Typical designs for this 
purpose are the Berty reactor with its different modifications [88], [89] and the 
Carberry reactor [90], [91]. In the Berty reactor, the catalyst is contained in tubular 
fixed-bed reactor through which gas is passed as a fast internal recycle forced by a 
turbine. The gas stirring in the Carberry reactor is realized by a rotating basket. 

Gradient- free reactor types do reveal neither concentration nor temperature gra- 
dients (difference between reactor entrance exit < 2 K) and hence, they can be 
operated isothermally even if reactions with significant heat generation or 
consumption have to be studied. 

If isothermal conditions cannot be warranted during kinetic measurements the 
heat balance of the reactor system must be solved besides the mass balance. 
Unfortunately, this situation is related to several disadvantages: 

a) Except for adiabatic reactor operation, a precise solution of heat balances is 
difficult. Local rate of heat exchange between reactor and its surrounding and 
local temperature are interrelated and depend on the fluid-dynamic conditions 
inside the reactor. A correct prediction of the respective heat transport co- 
efficient is difficult and still a matter of research in reaction engineering [92], 
[93]. 

b) Kinetic studies under non-isothermal conditions suffer from the fact that both 
pre-exponential factors and activation energies cannot be separately deter- 
mined. Thus, the number of free parameters to be estimated by numerical 
methods increases. 

These circumstances indicate that isothermal modes of reactor operation should 
be realized for kinetic data acquisition. 

For plug-flow operation, the realization of isothermal conditions is much more 
difficult than for the continuous tank or recycle reactor. Here, one possibility is the 
dilution of the catalyst by inert material in order to decrease the heat generation 
per volume element of the fixed bed. However, there are limits of bed dilution 
since too high proportions of inert material might lead to the effect that reactant 
molecules bypass the catalyst surface. Criteria for proper dilution of fixed beds 
were suggested by van den Bleek et al. [94]. 
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An advanced tool for guaranteeing isothermicity along a catalytic reaction zone 
might be provided by micro-structured reactors [95], [96]. This reactor concept is 
based on a multi-channel unit with channel dimensions in the range from 50 to 
200 (im width and depth. Meanwhile there is a large variety of technologies to 
produce these structures for different materials (metals, ceramics, glass etc.). 
Besides the small channel dimension another characteristics of such micro-reactor 
structures is the high ratio of wall/channel volume. Thus, the heat transport within 
these structures is mainly determined by axial heat conductivity through the 
reactor wall which allows isothermal reactor operation even for highly exothermic 
reactions as was demonstrated by Steinfeldt et al. [97]. 

A method for pseudo steady-state kinetic data acquisition under non-isothermal 
conditions was suggested by Wojciechowski et al. [98], [99]. The basic principle 
of this method is the following: 

Polythermal temperature ramping (PTR) experiments comprise the measuring 
of reactant concentration and temperature at the reactor exit for a number of 
different contact time values. For forther data evaluation of the experiments it is 
necessary that the changes of particular contact time values lead only to 
differential changes of exit concentration and temperature. With this precondition, 
the relationship between concentration and contact time is describable by a simple 
interpolation fonction, which can be analytically differentiated. Thus, molar rate 
of changes of each reactant component can be obtained which refers to the 
measured temperature at the reactor exit. Besides the boundary condition the 
changes of residence time must be in an differential range; further, a second 
boundary condition has to be fulfilled - i. e., radial temperature profiles must not 
exist. In the experimental set up suggested by Wojciechowski this is ascertained 
by keeping the external heat transfer of the reactor principally at a low value. 

In order to accelerate the kinetic data acquisition, Wojciechowski suggested to 
ramp the temperature of the feed gases up or down with increasing space time 
according to a time-program. Here, an additional boundary condition of the 
procedure must be emphasized - the heating rate must be slow enough to 
guarantee the steady-state of the catalyst.. Until now, the applicability, speed and 
precision of this method was analysed for CO oxidation and dehydrogenation of 
ethyl benzene [99], [100] and for ammonia synthesis [101]. 



5.2 Non-Steady-State Reactors 



In non-steady-state reactors, reaction conditions such as temperature or reactant 
concentrations are temporarily changed [81] - [85]. Temperature programmed 
Surface Reaction Experiments (TPSR), temperature programmed desorption 
(TPD), temperature programmed reduction and oxidation (TPR, TPO) [102], 
[103], Temporal Analysis of Products Reactor (TAP) and Steady-State Isotopic 
Transient Kinetic Analysis (SSITKA) [84], [104], [105] are established methods 
dealing with non-steady-state reactor operation. Among these methods, TPSR and 
SSITKA are techniques, which can directly be applied under reaction conditions 
relevant for catalytic processes. They allow determination of the number of active 
sites depending on the steady-state established for different temperatures and par- 
tial pressures of reactants. 
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Temperature programmed methods are frequently used for surface science 
studies. Starting from a defined initial state of the catalyst surface (certain cove- 
rage and temperature) the temperature is raised and the response of reactant 
concentration or pressure at the reactor outlet is recorded by analytical methods 
with high time resolution. The variation of heating rates allows to draw con- 
clusions with respect to mechanisms of desorption and reaction as well as the 
determination of activation energies of these processes. 

The other group of methods is based on sudden jump-like disturbance of the 
concentration of reactants after establishing a defined steady-state of the whole 
reactor system [83], [106]. From the different shapes of responses at the reactor 
outlet conclusions can be drawn concerning the reaction mechanism such as rate 
determining steps and catalyst restructuring phenomena 81], [107]. A more 
complex evaluation of the experimental data is performed by the wave-front 
analysis where besides the concentration response also the temperature response is 
recorded for reactions with significant heat generation and consumption [108]. 

Pulse methods are based on the principle that a sequence of concentration 
pulses passes the catalyst bed until no change of the shape of the pulse response is 
observed. Depending on the pulse frequency one can attain near steady-state con- 
ditions for kinetic data analysis [109]. 

The Temporal Analysis of Products (TAP)-reactor is a special type of a pulse 
method which was introduced by Gleaves et al [84]. The catalyst is usually under 
vacuum conditions (p ~ 10'^ to lO "^ Pa) and small amounts of gas molecules are 
pulsed over the bed of catalyst particles (ca. 10^^ molecules per pulse). The 
responses at the outlet of the reactor are measured by a mass spectrometer with 
high time-resolution (around 10 ps). The reactant transport through the reactor 
occurs only by Knudsen diffusion. Hence, gas-phase reactions are suppressed 
under high-vacuum operation. Therefore, reactive intermediates like radicals can 
be detected if they desorb from the surface. The small amounts of molecules 
pulsed over the surface occupy only a small part of the active sites. One 
disadvantage of the TAP method results from the fact that it is operated under 
vacuum condition. Therefore, one should be aware, that co-adsorption processes 
and surface reconstruction due to higher pressure of gas-phase species might not 
be observed under these conditions although they play an important role under 
steady-state operation. Nevertheless, the method can provide quantitative insight 
into particular surface processes. 

Meanwhile kinetic data evaluation from TAP experiments for particular surface 
reaction steps becomes a standard procedure performed by several groups [86], 
[ 110 ], [ 111 ]. 

Reverse chromatography [112] describes a method where small amounts of 
reactants are pulsed into a carrier gas. As for the TAP method, the state of the 
catalyst surface is not changed significantly and the pulse shape at the reactor exit 
indicates the interaction of the reactant molecules with the catalytic surface. In this 
way reverse chromatography is a complimentary method related to larger pulse 
sizes. In contrast to the TAP method where transport occurs by diffusion only, for 
quantitative evaluation of the reverse chromatography, gas transport by convection 
has to be taken into account as well. 

Transient methods based on isotopic labeling experiments allow the detailed 
elucidation of particular reaction pathways. For steady-state isotopic transient 
analysis (SSITKA) first the steady-state operation of the reactor is established 
with non-labeled reactant feed. Afterwards, a certain reactant is substituted by the 
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respective labeled component and its response is observed at the reactor outlet. 
The shape of the outlet signal shows the extent of accumulation and lifetime of 
reactants on the surface. The method was introduced by Biloen [82]. A description 
on how kinetic data evaluation proceeds for SSITKA was illustrated by Goodwin 
et al. [104] for the example of CO hydrogenation, ammonia synthesis and 
methanol synthesis. 

Novel techniques such as positron emission tomography and profiling can be 
used for in situ studies of mass transport processes and reactions with molecules 
labeled by inside fixed-reactors [113], [114], [115]. The measured 

concentration distribution, as a function of location and time can be used as input 
data for coupled (non-steady-state) kinetic models and reactor models. 



6 . Concluding Remarks 

The usability of micro-kinetic analysis profited from both the significant advances 
in quantum chemical methods and experimental methods in the field of surface 
science. As a result, several catalytic reactions have been analyzed based on 
micro-kinetic approaches. Future challenges are the improvement of precision of 
kinetic parameters determined by ab-initio methods, the speed of their calculation 
and the treatment of complex reaction mechanisms in which many reaction 
pathways and intermediates are involved. Due to the limitations still remaining in 
modeling complex systems under close-to-process conditions by micro-kinetic 
means fitting of kinetic parameters to experimental data appears to be still an 
unavoidable requisite. 

Thus, for optimization of industrial reactors and their operation, empirical 
kinetic modeling by fitting parameters is still preferred. Here, the range of reaction 
conditions which has to be taken into account from technological as well as 
economical point of view is often narrow and allows the application of the estab- 
lished strategies of approximations (assumption of rate determining steps, MASI, 
Hougen-Watson-formalism). However, practice has also shown that the respective 
models do not stand up to several cases of catalytic reactions. Hence, kinetic 
models based on mechanistic considerations without pre-assumption of rate 
determining steps have meanwhile made its arrival at industrial reactor simulation 
as well and are coupled with detailed models of mass and heat transport using 
molecular-dynamic, Monte-Carlo and quantum chemical methods for description 
of pore diffusion and computational fluid dynamics for description of external 
transport processes. 

For both micro-kinetic analysis of catalyst performance as well as kinetic 
modeling for reactor optimization, further advances in method development and 
extension of methods application in practice are directly related to the continued 
development of computational power. 

A further challenge in the field of reactor optimization is the acquisition of 
reliable experimental data. This is especially important for reaction processes 
accompanied by strong heat generation or consumption. Here, reactor concepts 
allowing a large range of conversion and industrial pressure and temperature 
operation on one hand and either isothermicity or near adiabatic conditions on the 
other hand are required to obtain proper data as a basis of parameter fitting. 
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Suitable solutions are provided by micro-structured reactors (isothermal operation 
mode) and the polythermal ramping reactor concept (non-isothermal operation 
mode). 

Often the acquisition of data is very time consuming. Therefore, the accele- 
ration of data measurement will help to promote the application of kinetic methods 
in practice. Here, transient methods do have a potential since the time period until 
establishing of the steady-state leads to a large reservoir of data including several 
informations on catalytic processes. Although the evaluation of transient data 
requires a higher numerical effort, the availability of numerical tools meanwhile 
allows application of these methods by a broad user community. Finally, paral- 
lelization of experiments is an additional step in speeding up kinetic data 
acquisition. 
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Abstract. An overview of deactivation mechanisms, their causes and consequences, as well 
as of methods and techniques of investigation of deactivation is presented. There are three 
fundamental reasons for catalyst deactivation, i.e. poisoning, coking or fouling and ageing. 
Poisoning can be reversible or irreversible, and with geometric or electronic effect. It can 
also be selective, nonselective and antiselective, depending on catalyst/poison affinity and 
kinetics. The action of coke is by direct active sites coverage, or by pore plugging, and 
depends on reaction conditions, pore’s type and catalyst acidity. Kinetics of coking is de- 
termined by both mechanism of the coking reaction and its diffusion restrictions. Sintering 
is the main cause for catalyst ageing. It appears in two forms: thermal or chemical, depend- 
ing on prevailing reaction parameters, i.e., temperature or concentration. To cope with 
deactivation two approaches are offered: either to avoid it when possible, like in the case of 
feed purification, or accept it but with an effort to minimize its effects. Accelerated deacti- 
vation tests can be a powerful tools for studying catalyst deactivation in a relatively short 
time. By proper selection of reaction parameters and applying deactivation compensation 
approach, reaction and deactivation kinetics can be separated. Based on obtained deactiva- 
tion kinetics parameters, and by applying appropriate modeling and simulation, the life time 
of a catalyst and its performance in the commercial reactor at any time can be predicted. 



1. Introduction 

During their life time catalysts undergo usually deactivation. This happens in the 
time frame of seconds (fluid catalytic cracking on zeolites), or years (iron catalyst 
in ammonia synthesis). This phenomenon may significantly contribute to the 
economy of a catalytic process. The economic impact of catalyst deactivation 
expressed as revenue loss is, in general, not due to the cost of the catalyst itself, 
but to the lower production rate as a result of the decrease in space-time yield of 
the desired product with time-on-stream, and intermittent process shut-down in 
order to load the new catalyst or to regenerate the deactivated one. Moreover, 
additional costs may arise from poorer utilization of a feedstock due to a decrease 
in selectivity and from additional energy required for catalyst regeneration. These 
circumstances have led to extensive studies aimed at unveiling the mechanism of 
deactivation and finding measures of reducing deactivation [1]. Quite extensive 
monographs [2,3] and reviews [4-10] covered this area of catalysis, and there are 
continuing efforts in the field [11-16]. 



University of Novi Sad, Faculty of Technology, 21000 Novi Sad, Yugoslavia 




480 G. Boskovic, and M. Baems 



2. Deactivation Mechanisms 

Basically catalyst deactivation is a temporal or permanent loss of active sites, 
caused by chemical and physical reasons. Deactivation occurs by: (i) chemical 
poisoning due to chemisorption or reaction of a certain substrate on the surface, 
like H 2 S on Pt in hydrogenation reactions; (ii) coking as a result of coke deposi- 
tion due to hydrocarbon decomposition to hydrogen-poor compounds, i.e. coke; 

(iii) fouling as a result of solids deposition due to dusty materials within the feed; 

(iv) sintering and crystallization or segregation of the catalytic material due to 
thermal effects [17]. Although these are individual effects, it is possible that sev- 
eral deactivating processes take place simultaneously, or that the dominating deac- 
tivation process can be initiated by another one. 



2.1 Chemisorption of Poison 

Deactivation of catalysts by chemical adsorption of some substance is known as 
poisoning. A poison is a molecule of reactant, product, or impurity in the feed 
with a certain affinity towards the catalyst; the magnitude of interaction defines 
the character of reversible or irreversible poisoning. When the affinity of a poison 
is equal to all active sites than this is uniform poisoning, where all active sites 
have the same chance of being poisoned. In the opposite case, when a poison 
preferentially chemisorbs on one category of active sites, selective poisoning oc- 
curs. 

A poison may act by blocking the active sites - geometric effect, or by changing 
their electronic properties - electronic effect. In the first case the adsorption of the 
poison is often arranged by some geometric rule, which is defined by both the 
catalyst and the poison. Sometimes for the same combination of catalyst and poi- 
son different geometrical arrangements are possible, as it is the case of the well 
known example of Pt (100) poisoned by sulphur [18]. Sulphur is adsorbed on Pt in 
two different geometric arrangements, as c(2x2) and p(2x2), corresponding to one- 
half, and one-quarter of a monolayer of S at full coverage of active sites, respec- 
tively (Figure 1). At first glance the second geometry is preferential from the 
viewpoint of catalyst activity, since one vacant adsorption site exist at the center 
of p(2x2). For bimolecular reactions, however, being the majority of processes 
where Pt catalysts are used, the possibility of an isolated molecule adsorption is 
useless. Therefore, the c(2x2) geometric arrangement is beneficial from a practical 
viewpoint, since for a certain activity level the catalyst is capable of accepting 
more sulphur. 



a b 

Fig. 1. Two geometric stmctures of S adsorption on Pt(lOO): a) c(2x2), and b) p(2x2) 
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Due to the exchange of electrons for strong chemisorption, the poison can 
change the electronic properties of the catalyst. Electronic and geometric effects 
may be coupled, however, as is the case of poisoning of Ni-catalysts by S, Cl, C, 
N and P [19]. These poisons block the active sites on which they are adsorbed, but 
they also decrease the adsorption abilities of neighboring active sites for adsorp- 
tion of reactants by electronic interaction. The poisoning effect of S and Cl is 
more pronounced due to their higher electronegativities and sizes relative to C, N 
and P [19]. 

For heterogeneous catalytic surfaces, the most common case is selective poi- 
soning [3]. Due to the different energy and geometry of active sites different 
mechanisms of poisoning occur. The poisoning usually starts with preferential 
adsorption on sites with higher affinity towards the poison, and once the adsorp- 
tion reaches the point of saturation, it is followed by the additional adsorption of 
poison over the rest of the sites. In the case of bifhnctional catalysts, poisoning 
may affect their activity and/or selectivity, depending on the reaction mechanism. 
For illustration, the reaction of methyl-cyclopropane (MCP) hydrogenolysis on 
Pt/AbOs catalyst is possible through two main routes, involving: (i) metallic sites 
only, and (ii) both acidic and metallic sites. In the case of unpromoted catalysts the 
first mechanism prevails, leading to high selectivity to i-butane. When chlorine is 
added to the rection mixture, however, only metallic sites are selectively poisoned, 
resulting in a minor activity decrease, but dramatic selectivity changes [20]. As 
shown in Figure 2, the extent and profile of these changes depend on the precursor 
of the poison, CCI4 or HCl, used to introduce the chlorine. A quite different result 
of poisoning is obtained for a reaction with a consecutive mechanism, like isomer- 
isation of n-hexane. Here, poisoning of metallic sites would rather be expressed as 
an activity drop, than a selectivity change; due to the absence of a dehydrogena- 
tion function, olefin production is stopped, and straight isomerisation of paraffin 
on acidic sites is quite difficult when these are of moderate acidity [21]. 




Fig-2. Influence of addition of 0.82 % Cl from different precursors, on selectivity of 0.31%- 
Pt/Al 203 catalyst (47.6 % Pt dispersion) in MCP hydrogenolysis reaction [20] 
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The rate of catalyst deactivation may depend on the size of the catalytic sites, 
which means that deactivation can be structure sensitive [22]. The effect some- 
times interferes with the structure sensitivity of the catalytic reaction, making it 
difficult to decouple these two phenomena. It was found, e.g., that sympathetic 
behavior of the n-hexane reforming reaction on Pt/Si 02 is rather due to the higher 
rate of coke deposition on larger particles (deactivation reaction), than to the cata- 
lytic reaction turn-over frequency increase due to dispersivity increase [22]. Thus, 
when the catalytic reaction and the deactivation reaction belong to different types 
of structure sensitivity, the effect of catalyst dispersivity on the catalytic reaction 
is masked by marked structure sensitivity of deactivation. Even a more dramatic 
effect occurs in the case of a hydrogenolysis reaction, where poisoning by coke 
can even change the original type of structure sensitivity of the catalytic reaction 
[23]. Since this type of reaction involves destruction of one or several C-C bonds, 
multibonding of a reactant onto the catalyst surface is the most appropriate 
mechanism. Accordingly, an antipathetic behavior of the catalyst is expected, 
since the particle size increase will result in high-coordinated plain sites close to 
each other being favorable for this kind of hydrocarbon adsorption. However, the 
opposite was noticed during time on stream, showing a higher rate increase with 
smaller particles, i.e. particles having a larger number of lower coordinated active 
sites. This might be the result of preferential poisoning of sites with high coordina- 
tion number, and the reaction is forced to “switch” from sites on the plain (poi- 
soned) to those which sit on edges of crystals (still unpoisoned). This phenomenon 
is known as secondary structure sensitivity [23]. 

Structure sensitivity of the deactivation reaction depends on catalyst support as 
well. In the case of two Pt-based catalysts with the same metal loading and disper- 
sion, and having the same history of preparation and usage, the type of poisoning 
by CO was found to be different for alumina and silica supports. In both cases 
structure sensitive poisoning takes place, however its patterns are different (Fig- 
ure 3). The uniform poisoning in the case of alumina [24], in contrast to the selec- 
tive poisoning observed for silica [25], was explained by stronger metal-support- 
interaction for alumina, leading to more stable Pt particles with constant deactivat- 
ing behavior [3]. 




Fig. 3. Stmcture sensitivity patterns of Pt/Si02 (a) [25], and Pt/AbOs (b) [24] catalysts, 
having the same CO coverage of 40% 
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2.2 Coking and Fouling 

Formation of hydrocarbon deposits on catalyst surfaces is the common mechanism 
of deactivation in processes dealing with conversion of hydrocarbons in oxygen- 
lean conditions. The mechanism is known as coking, or fouling, although the last 
expression has sometimes the broader meaning for all kinds of deposition, such as 
of iron or ceramic particles displaced originating from the reactor material [11]. 

The chemical nature of coke is not easy to define since, in principle, every 
hydrocarbon molecule which has a deficit in hydrogen can be considered as a coke 
precursor. The nature of coke deposits and the mechanisms of their formation 
depend on the feed and the nature of the catalyst employed. In the case of a bi- 
functional catalyst it even depends on which part of the catalyst coking occurs 
[26]. Finally, the mechanism of coking is a function of time since the nature of 
coke can change with time-on-stream [3]. It is believed that aromatics and/or ole- 
fins are the main precursors of coke formation, which by reactions of dehydroge- 
nation, condensation, and oligomerization finally result in coke-like products [3]. 
Coking by decomposition of hydrocarbons, which may result in similar species, is 
in principle different, since hydrocarbons are likely to produce various H- 
containing species of general formula CHx, or CnHm [27]. 

To some extent the mechanism of coking is a single property of every catalyst. 
Thus, it was suggested that for a bifunctional Pt-based catalyst coking starts on 
metallic sites by adsorption of coke precursors like monocyclic dioleflns, which 
than migrate to acidic sites and polymerize to form a polycyclic molecule with 
several double bonds [3]. In the case of Ni-based catalysts for steam reforming, it 
seems that coke formation starts as a result of hydrocarbon decomposition on the 
catalyst surface resulting in This coke species can be gasified, but also polym- 
erize to more stable Cp which can form carbidic carbon [1 1,28]. Similarly, decom- 
position of CH4 on Co-based catalysts leads to species with different quality of 
carbon relative to its further reactivity. Transformation from the most reactive 
to less reactive Cp, and finally to the most stable Cy follows the increase in both 
surface coverage and temperature of decomposition [29]. 

In principle, coke can lead to catalyst deactivation by active sites coverage and 
by pore blockage. The first occurs when both the catalytic and coking reactions 
are of a single site mechanism, and the higher the density of active sites the more 
effective is coking. When catalytic and coking reactions do not compete for the 
same sites, deactivation by coking is only due to pore blockage [30]. The effi- 
ciency of the process of pore plugging by coke depends on catalyst texture, and 
may be rather high for a favorable pore shape, e.g. ink-bottle necks. In that case 
quite a small amount of adsorbed coke may bring a high activity decline. But 
sometimes the amount of coke can rise to a significant fraction of the total mass of 
the catalyst due to an avalanche effect, when initial coke particles act as a “glue” 
for new coke particles [31]. 

Coking on zeolites is a shape selective process since both the rate of deposit 
build-up and its nature depend on pore dimensions [32]. The prevailing mecha- 
nism of zeolite deactivation by coke depends on operating conditions, zeolite 
acidity and its topology. Pore size and structure are probably the most important 
parameters as shown in Figure 4 [32]. In systems consisting of non-intercon- 
necting channels, like in the case of mordenite (Fig. 4a), coking occurs through 
pore blockage and is very effective in terms of deactivation. Similarly, tri- 
dimensional zeolites with small apertures and large cavities, like erionite, are very 
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sensitive to deactivation by pore plugging (Fig. 4b). Contrary, in systems with tri- 
dimensional channels without cavities, like HZSM-5, deactivation initially starts 
as acid sites coverage, but with time-on-stream and amount of coke increasing, 
deactivation is due to blocking of the sites in the channel intersections, and finally 
due to blocking of pores by exterior deposits (Fig. 4c,d,e). The amount of coke 
formed in the last case, and hence the dynamics of changes in the deactivation 
mode, are proportional to the severity of operating conditions [32]. 




a b c d e 



Fig. 4. Different mode of deactivation by coke: pore blocking in monodimenzional mor- 
denite (a), and tridimenzional erionite (b); site coverage (c), sites accessibility hindered by 
channel blocking (d), and pore blocking by exterior deposits (e), all in HZSM-5 [after 32] 



2.3 Ageing 

Catalyst ageing is due to slow processes of physical and chemical solid-state trans- 
formations as a result of the catalyst being exposed to the reaction environment. 
These transformations can proceed without or with a change of catalyst overall 
composition [33]. Sintering of the active phase and/or support, segregation and 
transformation of phases, and all kinds of metal-support interactions are frequent 
phenomena belonging to the first group, while changes of oxidation state, forma- 
tion of carbide, and loss of catalyst component are those resulting in a change of 
catalyst composition. While one of these processes may dominate under specific 
conditions, more often they occur simultaneously. 

Sintering is an important and frequent reason for catalyst deactivation [14,34- 
36]. In metal supported catalysts it is usually manifested either as loss of active 
metal area, or decrease of catalyst support area. It includes, however, several other 
phenomena like dissociation of metal atoms, diffusion of metal atoms and crystals, 
spreading of particles, nucleation of particles, coalescence, etc. [36]. Depending 
on its cause thermal and chemical sintering are known. In the first case a decrease 
of surface area occurs simply by particle enlargement due to high reaction tem- 
peratures. Thermal sintering is strongly influenced by the height of temperature, 
and it is believed that it has to be at least as high as the Tamman temperature for 
the phenomena to occur. But it might not be a general case since the real mecha- 
nism of sintering is not known. For example, if diffusion of atoms through the 
particle volume is the mechanism of sintering, then the Tamman temperature 
probably must be reached for sintering to occur. But if surface diffusion of atoms 
is the mechanism, than the Huttig temperature (one third of the melting tempera- 
ture) is probably enough. Even assuming high temperature as the main cause of 
thermal sintering other factors should not be excluded. These are the size and the 
shape of particles, surface roughness, metal-support interaction, the presence of 
promoters and the gaseous environment [14,15,36]. The combination of factors 
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results sometimes in an unexpected behavior, like in the case of the presence of 
different gasses, which might influence sintering depending on the particular 
metal and conditions applied [36]. Time is also an important variable since sinter- 
ing, like all other solid-state transformations, is a time consuming process. In the 
case of zeolite based catalysts, sintering of the active metal depends on the prepa- 
ration method, metal loading, zeolite framework, and thermal conditions determin- 
ing the position of the metal in the zeolite structure. In Pt-exchanged Y zeolites 
the chance of Pt sintering depends on calcination temperature, determining either 
particle migration to more stable positions, or their settling in the largecavities. In 
the reduction following preparation, these particles which missed stabilization in 
the previous calcination step, migrate and agglomerate on the external surface of 
the zeolite [37]. 

Basically, two models have been proposed to explain the growth of supported 
metal particles: a) particle/crystallite migration [38], and atoms migration [39] 
(Figure 5). The basis of the first one is the assumption that week metal-support 
interaction and a high temperature lead to migration of crystallites which are in a 
quasi-liquid state. On their way the crystallites collide and agglomerate. The at- 
oms-migration model assumes that movement of atoms is important for sintering. 
The process can be assumed to occur in three stages: transport of atoms from the 
crystallite to the surface of the support, their migration over the support and finally 
their collision with bigger crystals. The two models do not exclude each other, but 
most probably occur in sequence, i.e., at lower temperatures sintering starts by 
migration of atoms, and once the higher temperature is reached movement of 
particles occur. At a very high temperature, when particles are of bigger size, 
volatilization of atoms is the prevailing mechanism responsible for transport and 
sintering [14]. Apart from these traditional models, an additional mechanism of 
sintering has been proposed including wetting and spreading [40]. This has been 
portrayed as a consequence of the formation of films between deposited metal 
particles in O 2 , and subsequent rupture of this film in H 2 . The explanation for this 
lies in the different strengths of metal-substrate interactions in different atmos- 
pheres, and the driving force for both phenomena is the decrease of free energy of 
the system [40]. 



Metal 




Fig. 5. Two models for crystallite growth due to sintering: Movement of atoms by migra- 
tion (A), or by volatilization (A’), and migration of particles (B) [after 36] 





486 G. Boskovic, and M. Baems 



Chemical sintering is caused by a chemical reaction between an active metal 
and a molecule in the feed, resulting in a new compound forming particles of 
larger size. The subsequent reverse reaction will result in the active component 
again, but the size of the particle may stay unchanged [41]. Similarly, in alternat- 
ing conditions of oxidation-reduction reactions [42], active metals are forced to 
change from one compound to another usually having particles of different size. 
These frequent and fast rearrangements of structure in the metal lattice cannot be 
followed by all atoms, therefore they occupy thermodynamically more stable 
positions resulting in enlarged particles. 

As already mentioned there are several other catalyst deactivation phenomena 
belonging to the category of ageing, and most of them are caused by high 
temperature. Phase transformation of the often used active Y-AI 2 O 3 support to its 
inactive a-phase is, for example, very common in catalysts exposed to high 
temperature for extended periods of time. The process is usually promoted by an 
active metal sitting on the support, like in the case of a Ni/A^Os catalyst where 
migration of Ni and formation of Ni-nucleation sites play a decisive role for phase 
transformation of the support [43]. In addition, alumina often undergoes reactions 
with M^^-type active metals, forming spinel-like structures, like C 0 AI 2 O 4 , 
NiAl 204 , etc. [21]. Both the transformation of atomic to graphitic carbon, and 
active-carbon-rich carbides to inactive carbon-poor carbides, occur often in Fe- 
based catalysts used in the Fischer-Tropsch process; these are examples of catalyst 
composition changes due to reaction [44]. Sublimation of Mo from a C 0 O-M 0 O 3 - 
AI 2 O 3 HDS catalyst is a typical example for a loss of a catalytic active component 
[45]. For zeolites exposed to severe hydrothermal conditions, dealumination is a 
frequent reason for their acidity change [46]. One of the processes often accom- 
panying sintering is a change of particle morphology. In the case of a Pt/Al 203 
catalyst transformations of cubic to spherical particles, and vice-versa, were found 
to be dependent on both temperature and gas environment [47]. A similar change 
of particle morphology due to sintering was observed for an Ag/Al 203 epoxidation 
catalyst [48]. 



3. Catalyst Deactivation 

in Important Industrial Processes 

3.1 Fluid Catalytic Cracking 

Fluid catalytic cracking (FCC) is designed to process heavy, i.e., high boiling 
hydrocarbon feed at rather high temperatures; FCC catalysts used are subject to 
excessive coking [49]. Coke is a reversible poison of chemical structure deter- 
mined by its precursor. This can be an olefin, or diolefm, preferentially of cyclic 
structure, which leads via a mechanism of cyclodimerisation and hydrogen trans- 
fer to heavier products, like decaline or naphthalene [50]. Coke is the cause for 
catalyst-porosity changes due to its deposition inside pores or blocking their en- 
trance. In such a way coke can dramatically change the selectivity of the catalyst 
by preventing larger hydrocarbon molecules to enter or leave the pore. For modem 
zeolite FCC catalysts the mode of deactivation by coke depends mainly on their 
pore stmcture: monodimensional zeolites and zeolites with large cavities are deac- 
tivated mainly by pore blocking, while for threedimensional zeolites active sites 
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coverage is a predominant cause for deactivation [32,51]. Different basic mole- 
cules, e.g. nitrogen compounds are a frequent reversible poison of FCC catalysts. 
Their presence is highly undesirable since they are strongly adsorbed on the cata- 
lyst surface and can produce coke which is more difficult to remove in the follow- 
ing regeneration cycle, requiring more severe conditions [52]. Among the irre- 
versible poisons the most important ones are heavy metals like V and Ni. They 
damage the catalyst by destroying its active sites and blocking the pores, but they 
can as well promote some undesirable reactions, like dehydrogenation [49]. The 
deactivation mechanism by V is believed to occur via its migration and formation 
of metal silicates and aluminates in both the reduction and oxidation cycles finally 
leading to destruction of the zeolite matrix [49,52]. Vanadium is a critical poison, 
its effect reaching the maximum for this might be related to the high mobility 
of this ion [53]. Deactivation by Na is mainly due to poisoning of acid sites, and 
accelerated sintering of the zeolite framework [54]. During its life a FCC catalyst 
undergoes several ten thousands alternating reaction and regeneration cycles [52]. 
Regeneration usually occurs under severe conditions of coke burning, resulting in 
catalyst ageing, i.e., surface area and porosity collapse. For zeolite catalysts the 
process includes dealumination, leading to an acidity change and reduction of unit 
cell size [49]. 



3.2 Catalytic Hydrogenation Processes in the Oil Industry 

Processes for hydrotreating of oil fractions on C 0 M 0 /AI 2 O 3 or NiMo/A^Os cata- 
lysts are very essential in petroleum industry. The increasing attention to deactiva- 
tion of hydroprocessing catalysts is in line with growing interest in the utilization 
of heavy oil fractions. Both, the severe conditions required for processing of such 
feeds, and the high content of potentially dangerous species contained in them, 
make these catalysts rather vulnerable. Deactivation occurs by a number of differ- 
ent mechanisms: sintering and solid state transformation of the active phase, de- 
composition of the active phase, adsorption of N-containing components, coking 
and deposition of metals and metal-sulphides [55,56]. Since several types of reac- 
tions which occur in hydroprocessing (HDS, HDN, HDO, and HDM) take place 
on different active sites, some reactions will be effected more than others by the 
same deactivation mechanism [56]. Thus, for the HDS function the most impor- 
tant deactivation mechanisms are coking and metal-sulphide depositions [49], but 
which one will prevail in any particular situation depends on the combination of 
various factors. Coking and metal deposition, e.g., are greatly influenced by feed- 
stock properties and reaction conditions. Commercial experience says that the 
quality of asphalthenes in the feed residue, i.e., their aromaticity, is more impor- 
tant than their quantity [57]. A different conclusion has been drawn from an ex- 
periment where a commercial Ni-Mo catalyst was deactivated by pyrene and 
dibenzothiophene as a model feed, showing the quantity of coke being the deci- 
sive factor [58]. Among reaction conditions, temperature is the most important 
one, since the increase of reaction temperature enhances both coke and metal 
deposition. Increasing hydrogen pressure decreases coking but increases metal 
deposition [59]. Olefins as well as aromatic and heterocyclic components are most 
subject to coking; this occurs basically through polymerization or polycondensa- 
tion mechanisms involving products from the cracking reactions [55,56]. Besides, 
involvement of coke precursors containing N usually results in more severe cok- 
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ing. In hydroprocessing of residues, in which the content of coke leading precur- 
sors and heavy metals is usually high, two distinct mechanisms of catalyst deacti- 
vation play a role: an initial rapid deactivation due to coking is followed by more 
gradual decline due to fouling by metals, especially V, Ni and Fe [49,60]. A com- 
mon feature of deactivation of HDS catalysts by coke, as an initial activity decline 
followed by constant catalyst activity, indicates that only a fraction of the HDS 
catalyst sites undergo coking, while another part stays with the same intrinsic 
activity as in the uncoked catalyst [55]. Nitrogen compounds are the most frequent 
poisons; the degree of poisoning increases with the basicity of these compounds. 
The poisoning effect of piperidine, e.g., is more pronounced than that one of 2,6- 
lutidine, and the difference in magnitude is higher for HDO than for HDS [56]. 
Water, which is formed by HDO reactions, is also considered as a poison, but its 
effect varies from strong inhibition of HDS functions, to weak inhibition, or even 
a promoting effect on the HDO function [56]. Commonly deactivation of 
C 0 M 0 /AI 2 O 3 catalysts is related to sintering of the M 0 S 2 phase. The process is 
usually a consequence of local overheating, and leads to a decrease of the number 
of M 0 S 2 edge sites. As a result Co edge atoms are less stable and they segregate as 
C 09 S 8 . Thus by decreasing the Co/Mo ratio it is possible to tailor a catalyst with 
higher resistance to sintering, due to the higher saturation point related to edge 
M 0 S 2 sites. However, lower initial activity of such a catalyst has to be accepted 
[55]. 

Since catalytic reforming is one of the most important processes in the field of 
petroleum refining, deactivation of related catalysts is an important issue [61-63]. 
Reversible poisons for bifunctional reforming catalysts are S, N, O, and Cl- 
derivatives, of which the first is responsible for active metal poisoning, and the 
rest for modification of catalyst acidity [62]. At process conditions with high hy- 
drogen pressure, S is present as H 2 S, and once the S-containing impurity is re- 
moved from the feed, the hydrogenation/dehydrogenation function of the catalysts 
is gradually recovered. Although acting as a reversible poison S yet can cause a 
permanent damage to the catalyst reducing its life expectancy. There are direct 
and indirect causes for this: almost irreversible adsorption of S on the second 
metal, and need for a higher reaction temperature due to poisoning by S, which in 
turn brings more coking [62]. The effect depends, however, on the amount of S in 
the feed, thus catalysts having more than 2ppm of S show a marked tendency to 
reduced life expectancy [62]. Nitrogen poisons the acidic catalytic function shift- 
ing selectivity to less isomers as products. An additional problem for catalysts 
exposed to N-containing substances for a longer period of time is the formation of 
NH4CI, which precipitates and takes away Chlorine necessary for maintaining a 
balance in catalyst acidity [61]. 

Coking is an unavoidable cause for deactivation of reforming catalysts since 
both high temperature and low hydrogen pressure, which are desirable for the 
catalytic reactions, favor also coke formation [62,63]. Basically, the reactions 
occurring on metallic sites are more effected by coking than those on acidic sites 
[62]. The extent of coking depends on catalyst properties, feed properties, and 
reaction conditions. Thus, it is known that larger metal particles on more acidic 
supports are proner to coking. Introduction of a second metal like Re to Pt- 
containing catalysts decreases the chance of coking by promoting the coke graph- 
itisation. Graphitic coke is denser but less toxic for the metallic function [63]. 
Basically, second metals added to Pt-based catalyst may be divided into two 
groups with respect to their mechanisms towards coking restriction: they either 
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diminish the coke deposit on Pt (Re added), or isolate small clusters of Pt to pro- 
tect them from coking and direct the coke to deposit on the support (Sn added) 
[62], The increase of total pressure decreases coking, but the magnitude of this 
effect depends on the H 2 /hydrocarbon ratio as well; by lowering the hydrogen 
partial pressure the formation of unsaturated species, considered as coke precur- 
sor, is increased [62]. Elevated total pressure changes also the coke quality by 
changing the location of coke deposition from metal to support. The coke pro- 
duced on the former is easier to hydrogenate and consequently less dangerous to 
the catalyst [63]. 

One of the reasons for deactivation of reforming catalysts is sintering of its me- 
tallic phase. In the presence of an optimal chlorine concentration in the feed, how- 
ever, sintering is not pronounced due to the redispersion effect of chlorine on Pt. 
In the presence of an oxidizing agent, the process proceeds with the formation of 
some oxychloroplatinum complexes which are strongly bonded to the support, 
leaving redispersed Pt particles after decomposition and evaporation [64]. In hy- 
drogen atmosphere, however, when Pt is present as atoms, their mobility is sup- 
pressed by decreased volatility, preventing in such a way atoms from escaping 
from the crystallite [64]. These mechanisms are in line with the observation that 
sintering of platinum is more marked in nitrogen atmosphere than in air [62]. 



3.3 Ethylene Epoxidation 

Epoxidation of ethylene to ethylene oxide is an important process in petrochemi- 
cal industry. The uniquely effective Ag-based catalyst undergoes deactivation 
during time-on-stream; therefore it has been a subject of extensive research in 
order to improve its stability [65]. Under industrial operating conditions deactiva- 
tion of Ag-catalysts is compensated by increasing reaction temperature, which in 
turn leads to more rapid deactivation, followed by a selectivity decay. As a conse- 
quence the life expectancy of the catalyst is decreasing. Thus, the catalyst utiliza- 
tion in the process can be seen as a compromise between its current activity and 
predicted life, which should result in maximal yield over the total catalyst life. 

Much of the work performed on the mechanism of the reaction of ethylene oxi- 
dation on Ag catalysts has been aimed at unveiling causes and mechanisms of 
catalyst deactivation. It has been clarified that the existence of both subsurface and 
atomic oxygen is essential for the selective ethylene oxidation [66-68]. Recently, 
the reduced ability of oxygen adsorption upon catalyst ageing in industrial condi- 
tions was recognized as the possible reason for the loss of catalyst activity and 
selectivity [69]. The reason for the lower oxygen adsorption ability may be as- 
cribed to any one of the phenomena which have been related to Ag-catalyst deac- 
tivation: catalyst poisoning either by impurities in the feed [70], or by chlorine 
[71-73], and an accumulation of carbonaceous deposits on the catalyst surface 
[68,74-76], increase in Ag particle size [42,70,77,78], as well as of the support, 
possibly followed by redistribution of promoters [78]. Despite of such a wide list 
of possible causes, however, it is widely accepted that silver sintering, resulting in 
a change of particle size distribution and decrease of active area, is the reason for 
deactivation. Very often, however, these changes were not found to be propor- 
tional to the extent of deactivation, pointing out that several other phenomena 
might contribute to deactivation, like the rearrangement of faces [77], changes of 
morphology of Ag particles followed by changes in MSI [48,77-79]. 
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3.4 Reduction of NOx in Exhaust Gases from Automotive Engines 

Since catalysts for automotive exhaust gases are very extensively used and contain 
expensive precious metals, the request for their long life is a basic requirement. 

In platinum based three-way catalysts for the cleaning of exhaust gases from 
gasoline engines, the deactivation problem is related to both poisoning and sinter- 
ing. From a historical point of view, the first effort to overcome the problem of 
poisoning of the catalytic active component by lead-based antiknocking agent, 
was done by complete exclusion of Pb-compounds; this is as much a benefit to the 
environment as it was to the catalyst. Besides, the usage of unleaded gasoline 
made it possible to replace the very expensive Pt by Pd in Pt-Rh catalyst [80]. 
However, in order to avoid formation of bimetallic Pd-Rh particles, a special tech- 
nology had to be used by which the existence of separate layers of two active 
metals on a high-surface area “wash coat” was possible. The sintering of Ce02, 
which has the role for oxygen storage in noble-metal catalyzed oxidation of CO, is 
an additional deactivation process of three-way catalysts. Achievement of higher 
ceria dispersion and higher stability of smaller particles was accomplished by 
introduction of an additional metal oxide, such as zirconia, forming a solid solu- 
tion with Ce 02 [80]. 

Deactivation of exhaust-gas catalysts is even more demanding for fuel-lean 
gasoline and for diesel engines. As a matter of fact there is no catalyst up to date 
which completely satisfies activity and selectivity requirements. Deactivation is 
especially prominent in the presence of H 2 O vapor and SO 2 , which are commonly 
associated with exhaust gases [81], and which have a synergistic character [82]. 
The mechanism of poisoning by SO 2 is either by simply blocking active sites due 
to poison dissociation, or by its interaction with the oxidized catalyst surface lead- 
ing to sulphates and sulphites [83]. In the case of selective catalytic reduction, 
accumulation of coke from an added hydrocarbon reductant might be an additional 
reason for catalyst deactivation [84]. For the most-investigated Cu-ZSM-5 catalyst 
which is, however, not a suitable catalyst for diesel-engine exhaust, the activity 
loss is the consequence of dealumination, especially in the presence of water. The 
loss of tetrahedral A1 atoms affects the population of Cu^^ active sites responsible 
for DeNOx, but it is also seen as a cause for failed hydrocarbons oxidation due to 
the decline of the rest of Bronsted sites [85]. At very high temperatures, i.e., be- 
tween 600 and 800 ^C, it is believed that substantial deactivation of Cu-ZSM-5 
is due to a significant loss in microporosity [86]. Since there are no other effects 
which could be responsible for this textural change, like dealumination or/and 
coking, the formation of an active-metal compound is most likely to be the reason. 
The existence of CU 2 O particles indeed has been confirmed by XRD [86] and 
TEM [87]. In contrast, recent investigation on deactivation of Cu-ZSM-5 catalyst 
at 400 ^C in the presence of water, showed irreversible deactivation only due to a 
change of Cu^^ distribution, with neither additional framework changes nor forma- 
tion of Cu-compounds [88]. 
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4. Prevention of Catalyst Deactivation and Regeneration 
of Deactivated Catalysts 

To overcome catalyst deactivation tv^o approaches are possible: ( 1 ) trying to avoid 
or to minimize possible causes for deactivation, or ( 2 ) to accept it, but minimizing 
its effect both by both process and catalyst tuning. If the first approach is a choice, 
than feed purification, or the selection of more appropriate feed is what can be 
done. The process tuning related to catalyst deactivation can be approached in two 
different ways: i) careful selection of process parameters in order to avoid initia- 
tion of some deactivation phenomena, and ii) careful monitoring of parameters in 
the process of catalyst production in order to obtain a product with desirable and 
reproducible properties [ 33 ]. Among the process parameters reaction temperature 
is the most important one when sintering is concerned. In order to minimize the 
chances for sintering the temperature must be chosen in such a way that severe 
temperature gradients are avoided throughout the bed of catalyst particles. The last 
measure can be only achieved, however, when the catalyst itself is of uniform 
physical and chemical properties. By ascertaining that the chance of appearance of 
hot spots is low, thermal sintering may be avoided to a certain degree. Generally, 
production of catalysts of constant quality is very important from the point of view 
of deactivation. The reason for this is that many catalysts, like all other solid mate- 
rials, might have a memory effect, i. e., the history of catalyst preparation affects 
its behavior during its life-time [ 33 ]. Quite often catalyst and process imperfec- 
tions are interrelated, the first being sometimes passive as long as there is no ex- 
cessive change in desired process conditions. Once this is provoked by some acci- 
dent in the process, the result can be a prominent deactivation due to a synergistic 
effect of these two imperfections. 

In order to improve catalyst resistance to poisoning the distribution of the ac- 
tive sites in and on a catalyst particle is of primary importance. The preferred 
active metal location depends on the mechanism of poisoning, i. e., uniform distri- 
bution through the particle is favored in the case of a parallel mechanism, and 
metal deposition on the catalyst surface is preferred for the case of consecutive 
poisoning. An additional tailoring of pore structure in the first case might be seen 
as a compromise between catalyst life and its activity, resulting in maximal total 
catalyst efficiency [ 2 , 3 ]. Besides this, several other techniques in catalyst prepara- 
tion are used to increase its resistance to all kinds of deactivation phenomena. The 
second metal may sometimes serve as a guard to the primary active metal, protect- 
ing it from poison. The addition of Re to Pt/Al203 catalysts, e.g., which results in 
increased resistance to coking, was explained by the ability of Re to remove the 
coke precursors, like cyclopentane, e.g., from Pt [ 89 ]. Taking the fact into ac- 
count, however, that a physical mixture of Pt/Al203 and Re/Al203 does not result 
in the same deactivation suppression as in the case of bimetallic Pt-Re/Al203 cata- 
lyst, the question of the real role of Re is still open [ 90 ]. Similarly, the addition of 
K to a Ni/Al203 catalyst for steam reforming of hydrocarbons was found to sup- 
press coke formation. The promotion effect of K is explained by both a decrease 
of the rate of hydrocarbon decomposition on the catalyst surface, and an increase 
of the rate of removing the coke deposits from the surface [ 91 ]. A beneficial influ- 
ence of a second metal related to deactivation is known in practice of zeolite 
preparation; an inactive metal may force the active one to stay in a certain position 
in the zeolite matrix, thus protecting it from sintering. This kind of stabilization. 
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which was observed for Pt promoted by Fe^^ and Cr^^ in a Y zeolite is known as 
chemical anchoring [92], Besides previously mentioned redispersion effects of 
chlorine on Pt [64], there is also a chlorine effect on the reduction of coke deposi- 
tion. It is believed that Cl optimizes H 2 chemisorption, and subsequent H- 
spillover, which consequently leads to self-regeneration of the coked Pt-reforming 
catalyst [93]. Similarly, addition of a-Sb 204 to an active phase of M 0 O 3 promotes 
spillover of O 2 , which reacts with a reduced location on the surface of M 0 O 3 , 
hence creating an active site [94]. 

Accumulation of coke on zeolite-based catalysts doubles the negative effect: it 
decreases activity due to active sites coverage, and requires subsequent oxidative 
treatment to bum-off the coke. Consequently, some mles have to be followed in 
order to decrease chances of coking in a hydrogenation process: a) if possible 
tridimensional zeolites with small apertures and large cavities have to be avoided, 
b) acid strength and density have to be adjusted to the lowest values necessary for 
the reaction, c) operating conditions have to be tuned in order to avoid formation 
of coke precursors [95]. In some cases, however, a beneficial effect of coke depos- 
its has been also demonstrated, like for n-butane skeletal isomerisation to isobu- 
tene over ferrierite [96]. An initial low selectivity, followed by a selectivity in- 
crease with time-on-stream, can be explained by preferential poisoning of the non- 
selective strongest active sites located inside of the 10-member ring channels. At 
the same time shape selective Bronsted acid sites located at the pore mouth are not 
too vulnerable to the medium level of coking as long as the formation of poly- 
aromatic compounds which may block the pore mouth is avoided [96]. 

Catalyst regeneration is the least desirable approach to catalyst deactivation. It 
requires both process time and man power, and it usually does not result in the 
original activity of the fresh catalyst [97]. Catalyst regeneration typically consists 
of either removal of poison/coke, or catalyst particles redispersion, although some- 
times both processes occur simultaneously. In principle, the removal of coke is 
possible by gasification with oxygen, steam, hydrogen, and carbon dioxide [98]. 
Since catalyst regeneration by coke burning starts with hydrogen oxidation and 
H 2 O production, the process is performed in two steps, i. e., at low and high reac- 
tion temperature. The approach is of special interest for zeolite catalyst regenera- 
tion, avoiding a coupling effect of high temperature and water [95]. 

A simulation of steam regeneration of deactivated commercial catalysts for 
HDS shows all the complexity of choosing the right agent for coke removal [45]. 
Since the removal of coke by water vapor is an endothermic reaction, the use of 
steam is supposed to be a more saver approach to catalyst regeneration than using 
oxygen. Under laboratory conditions, however, an activity loss of a commercial 
C 0 -M 0 /AI 2 O 3 catalyst previously regenerated in steam was found. The results 
were attributed to both Mo redispersion and a molybdenum loss of the active 
phase comprising molybdena; this was due to reaction of water vapor with M 0 O 3 
at temperatures from 600 to700 [45]. This model describes the details of deac- 

tivation of a hydrotreating Ni-Mo/Al 203 commercial catalyst well [99]. After 
regeneration in steam at a rather mild temperature of 400 ^C, the catalyst showed 
substantial loss of activity when afterwards exposed to a feed stock with higher S 
level. The loss of active component by M 0 O 3 segregation and vaporization of 
M 0 O 3 , proved by SEM investigation of discharged catalyst samples, was identi- 
fied as the primary cause for deactivation. This might have happened as the result 
of hot spots forming in the period of catalyst regeneration. In addition, an inten- 
sive sintering caused by a liquid M 0 O 3 phase was identified as the secondary 
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cause for the catalyst deactivation. The BET surface area decrease and average 
pore diameter increase by a factor of 5 and 10, respectively, support this conclu- 
sion [99]. 

Finally, not being directly connected to coping with catalyst deactivation, but 
more as a consequence of it, the handling of deactivated catalysts is often impor- 
tant. Even the deactivated catalysts are mostly still pyrophoric, and passivation by 
appropriate methods is required before catalyst discharge. In the case of CuO- 
Zn 0 /Al 203 catalysts for methanol synthesis, wet passivation of the spent catalyst, 
has been exchanged by in situ oxidation. However, due to the extremely exother- 
mal reaction this regeneration process is difficult to control. DSC analysis of a 
deactivated commercial catalyst sample in controlled oxidizing atmosphere re- 
vealed that the total heat released in cyclic operation is much less than for a one- 
step catalyst oxidation in air [100]. The latter procedure applied on large-scale 
could result in thermal reactor runaway. 



5. Kinetics of Catalyst Deactivation 

5.1 Temporal Deactivation Phenomena 

Since shape and size of both catalyst pores and poison molecules are often differ- 
ent, various types of poisoning occur depending on the rates of the catalytic reac- 
tion and the poisoning process [3]. When the affinity between poison and catalyst 
is not very strong, mainly the interior of pores is poisoned; the type of poisoning is 
then determined by the value of the Thiele modulus. With no, or very low diffti- 
sional restrictions, uniform or nonselective poisoning occurs (Figure 6, curve a). If 
the catalytic reaction is strongly diffusion limited and the deactivation rate is not, 
antiselective poisoning occurs (Figure 6, curves b and c). The higher activity ob- 
tained at a higher Thiele modulus is partly due to adsorption of poison on that 
fraction of active sites which, as a result of strong diffusion, do not contribute to 
the reaction anyway. In reality, however, this type of poisoning does not occur, as 
poisons usually tend to adsorb at the pore inlet [13]. As a matter of fact the affinity 
between poison and catalyst is often so high that they react as soon as contact is 
achieved. In this case the majority of poisoning molecules hardly enters the pore 
interior and is mainly adsorbed at the pore mouth. This is called selective or pore 
mouth poisoning; the activity profile then depends on the diffusion regime. In the 
kinetic regime the remaining activity will be proportional to the fraction of the 
not-deactivated surface (Figure 6, curve d). If the catalytic reaction is strongly 
limited by diffusion a dramatic effect of poison on catalyst activity may happen 
(Figure 6, curve e). This is due to the fact that even small concentrations of poison 
adsorbed on the pore entrance deactivate de facto the only available active sites 
for the reaction, since due to strong diffusion restrains the rest of the sites stays out 
of the domain of the catalytic reaction. 
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Fraction poisoned, a 

Fig. 6. Different type of poisoning in porous catalyst: a- uniform; b,c- antiselective; d,e- 
selective 



There is similarity in poisoning and coking kinetics, although the latter one is 
specific to certain properties of the coke. Mainly, coke particles tend to stick to- 
gether and to agglomerate, making deactivation by pore blockage sometimes very 
effective. Distribution of coke in the catalyst particle reflects both mechanisms of 
coking, which could be in parallel or in series, and the kinetics of the catalytic 
reaction (Figure 7). For the parallel coking mechanism, the coke distribution can 
be either uniform, if no strong diffusion limitation exists, or the coke can cover the 
internal surface of the catalyst, if fast diffusion prevails (7a and 7b, respectively). 
In the case of the later, the thickness of the coke layer is defined by the extent of 
diffusion. For both, series mechanism and low-value of Thiele modulus, again 
uniform distribution of coke is obtained, with the only difference to case a being 
the direction of coke growth within the pore (7 c). For strong diffusion limitations, 
pboth consecutive reactions occur predominantly close to the surface and the coke 
layer is forming similarly to the previous case of parallel coking (7d) [3]. 




Fig. 7. Distribution of coke inside catalyst particle for: parallel (a, b), and consecutive (c,d) 
fouling mechanism; arrows indicate direction of spreading of the coke 
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5.2 Kinetics 



A general attempt in deriving deactivation kinetics is to determine catalyst activity 
as a function of time. This is the basis of predicting catalyst life time. Catalyst 
activity is defined by the ratio of reaction rate for one of the key feed molecules at 
time, t, and the rate at the beginning of the process, i. e., with the fresh catalyst (t 
= 0 )[ 101 ]: 



a = 



R.‘ 



R: 



(=0 



( 1 ) 



The activity term may be applied to the catalytic reaction rate equation in such 
a way that two independent terms fi and f 2 exist: 



r;.=/,(r,C,)-/3[a,(/,r,C,)] 



( 2 ) 



Equation (2) is the core of so called separability: the kinetic term fi, which is 
constant with time-on-stream, and the activity term which is by its definition 
the time dependent function, are separated [101,102]. This approach clearly de- 
fines the function describing the decay of the rate of the catalytic reaction with 
time-on-stream [3]. Mainly, by knowing catalyst activity as a function of time, the 
deactivation rate prevailing at any time can be easily calculated. However, not in 
all situations of deactivation the two processes, i. e., their rates are separable; only 
those where deactivation is due to a decrease of active sites are separable. [103]. 
This can happen as the result of poisoning, or sintering. The tum-over-frequency 
(TOP) may stay constant or change 14]. Therefore, by tracking the TOP along the 
decrease of the reaction rate, the deactivation mechanism taking place might be 
revealed. 

The experimental approach for catalyst activity determination requires several 
concerns. Besides the requirement for selecting appropriate variables (which is in 
detail explained in section 6), the problem of decoupling catalytic and deactivation 
kinetics is the real issue for concentration dependent deactivation. Mainly, due to 
deactivation of the catalyst with time-on-stream, concentration of its gaseous envi- 
ronment changes, which in turn affects the catalytic reaction kinetics (function /; 
in the equation (2)). As a result of the decay the catalytic rate is not only a func- 
tion of catalyst activity change. To achieve "separable" deactivation conditions 
deactivation compensation has to be applied in order to keep concentrations of the 
reactants to which the catalyst is exposed constant. This can be done either by 
changing the concentration of key components, or by changing the total inlet flow 
[101,102]. Performing the test in a gradientless well-mixed flow reactor, the con- 
centration of the reactant/product stays both uniform and constant as long as the 
flow change follows the decrease of the catalyst conversion. 

A kinetic equation describing a deactivation process, leading finally to a = 0, is 
given by the following expression [3,101,102]: 

da j d 

-r^=-— = k^-C, a (3) 

By integration of equation (3), catalyst activity a can be expressed as a function 
of the deactivation rate order d, the deactivation rate constant and the exponent 
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a determining the dependence of the deactivation rate on the concentration of the 
key component i affecting deactivation. The analytical solution, however, depends 
on the order of the deactivation rate. For a first-order deactivation reaction {d = 1), 
the following solution is obtained: 



a - exp 






-C, 



(4) 



V J 

Once the kinetic parameters of deactivation (d = 1, a, k®d, Ea,d) are estimated 
by applying a regression analysis [104], from equation (4) the catalyst activity 
decay can be predicted as a function of time-on-stream for a set of experimental 
parameters, i.e. different temperatures T, and concentrations Cj. Finally, after 
additional optimization of the objective function, the integrity of the model has to 
be validated by applying the real process parameters [105]. 

A practical approach to deactivation stands only for an implicit dependence of 
activity on time, while its real, explicit dependence is related to the population of 
active sites which decreases with time-on- stream. The information on the number 
of active sites is, however, not always available, but by applying a kinetic analysis 
assuring a probable mechanism it is possible to derive kinetic mechanism parame- 
ters [3]. In the case of parallel poisoning with the single site mechanism, e.g., and 
assuming Langmuir-Hinshelwood kinetics with the rate of deactivation much 
slower than the catalytic reaction rate, the fraction of active sites ^ is defined as: 

-X r X r 4C 

^ t 



^0-^D 












(5) 



In the equation (5) Xo and Xj) are relative concentrations of the total amount of 
sites, and deactivated sites, respectively, ka is the deactivation rate constant, and Ki 
and Q are corresponding adsorption constants and concentrations of both the reac- 
tant A and the product B. Since the activity dependence on active sites has the 
identical form to that one on the left-hand side of equation (5), the catalyst activity 
a (equation (1)) can be replaced by and it follows [3]: 



Rj =R 



t=o 



A+K.C.+K.C, 



( 6 ) 



For sintering, the decrease of the remaining active area 5 is a good basis for de- 
scribing the kinetics of sintering: 



dt 



= k/S-Sss) 



(7) 



In equation (7), Sss is the active area at a steady state when no further deactiva- 
tion occurs, d is the order of sintering which is usually 1 or 2 [34,35,106]. A more 
general approach to modeling of sintering kinetics, however, must include concen- 
tration of gaseous environment: 




Catalyst Deactivation 497 



where /«/ shows dependence of deactivation rate on components of different par- 
tial pressures pi to pj, and a is a measure of sintering which corresponds to S in 
equation 7 assuming that a is proportional to S [107]. 



6. Strategies in Catalyst Deactivation Studies 

6.1 Accelerated Deactivation Test 

In principle, two main approaches for studying catalyst deactivation are offered: a) 
the deactivation process is followed in the real process during commercial catalyst 
operation, or b) the deactivation is mimicked by some experimental means on a 
smaller scale. Although the first approach always leads to a deactivated catalyst, 
the information which can be elucidated from its post mortem examination after 
unloading is limited [1]. There is usually an activity profile in flow reactor unless 
it is a gradientless one which is usually not true. From catalytic fixed-bed it is 
difficult to derive any kinetics. In addition, deactivation studies in a commercial 
plant are limited due to narrow operating conditions, imposed to avoid high opera- 
tional risks and expenses. Therefore, deactivation studies on bench, or laboratory- 
scale, offering a variety of possibilities for establishing well-defined conditions of 
deactivation are highly preferential. 

To investigate catalyst deactivation on a smaller scale again two approaches are 
possible: a) to continuously investigate the catalyst under reaction conditions, or 
b) to alter catalyst activity by some treatment outside the reaction conditions, and 
to measure the effect, before and after the treatment [41]. Long-time pilot plant 
investigation belonging to the first, however, cause high costs for time of man- 
power and of equipment operation. They are justified only for experimental stud- 
ies of catalyst lifetime. Preferred to the previous procedures are accelerated deac- 
tivation studies, either on pilot-plant, bench, or laboratory level. Such a test has to 
provide deactivation which will mimic the temporal profile, the rate and the extent 
of deactivation in the real process. This is a challenging task requiring the iden- 
tification of deactivation mechanism and kinetics [1,97]. However, due to the 
scale-up problems these parameters often must not be the same as in industrial 
conditions, but they have to lead to results by which these conditions responsible 
for the decay on the big plant can be correlated with the deactivation process. 
[108]. Conditions chosen for an accelerated deactivation test should not be too far 
from those in the commercial unit, unless it is of interest to investigate the catalyst 
ability to tolerate plant malfunction [41]. 

The selection of variables for an accelerated study of deactivation depends on 
its mechanism. For poisoning or coking, variations in temporal and local activity 
are caused by the concentration of feed molecules influencing deactivation [108]. 
For sintering, however, increased temperature sometimes is not sufficient, but the 
concentration of surrounding atmosphere must be considered as well. This is due 
to differences in mechanisms of thermal and chemical sintering. The later is al- 
tered by both variables but with a prevailing influence of the concentration of the 
reactive components. It is difficult to discriminate between these two mechanisms, 
but an increase of space velocity in order to obtain high degrees of conversion and 
hence, to minimize the concentration influence, might be an additional strategy in 
accelerated catalyst deactivation by sintering [108,109]. Sometimes the selection 
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of variables is related to a certain catalyst property, such as the ability for regen- 
eration, e.g., in the case of reforming catalysts [110]. For hydrotreating catalysts 
the resistance to coke might be the clue for choosing either straight-chain or aro- 
matic compounds in order to accelerate deactivation by coking [ 111 ]. 

From a fundamental point of view accelerated catalyst deactivation requires the 
use of a suitable type of reactor. The selection depends mainly on the specific 
objective of catalyst research, i.e. whether it is to improve productivity, selectivity, 
or catalyst life [112]. Preliminary catalyst screening is often performed in a small 
laboratory fixed-bed reactor of different designs [113]. It may be performed in a 
gradientless reactor, either of the Berty type [1 12], or in a fixed-bed reactor with a 
high external recycle [114]. However, due to mixing the result obtained from 
back-mixed laboratory reactors is, of course, only representative of a certain local 
part of the catalyst bed in the commercial plant. It may be required, therefore, in 
the laboratory to repeat the experiment for several different feed concentrations, or 
to perform fixed-bed investigations on a pilot-plant level with different bed 
lengths of the same catalyst type [108]. When using fixed-bed reactors one must 
be aware of possible non-diabatic conditions as a result of non-uniform concentra- 
tion of coke along catalyst bed. Only an appropriate reactor design, with inde- 
pendently controlled heaters around the isolation cover, may simulate commercial 
reactor performance and an adequate heat compensation and hence, reliably in- 
formation on deactivation phenomena [107,1 15,1 16]. 



6.2 Experimental Strategy for Deactivation Kinetics Investigations, 
Ag/Al 203 Catalyst for Ethylene Epoxidation 

Sintering is the broadly accepted mechanism of deactivation of Ag-based catalysts 
for ethylene epoxidation. Therefore both elevated reaction temperature and a 
broad range of O 2 concentration were chosen as parameters to accelerate deactiva- 
tion of commercial catalyst samples in its original size [109]. This is justified by 
the fact that in many other cases the rate of sintering does depend on oxygen con- 
centration [15,35,36]. Both reaction temperature and initial O 2 concentration were 
varied in the range from 260 to 280 and from 1.5 to 7.5 vol.% O 2 ; one of these 
variables was kept constant during a single run: The remaining variables were 
total pressure 25 bar, 25 vol.% C 2 H 4 , 5.5 vol.% CO 2 , 1.8 ppm of chlorine (as ethyl 
chloride), the balance to 100 vol.% being N 2 . In order to avoid interference of 
sintering with any concomitant deactivation mechanism, conversion was kept at a 
level common for commercial units. 

The experiments were performed in an internally back-mixed reactor (Berty) 
providing no temperature and concentration gradients throughout the reactor vol- 
ume, and a high mass flow of reactants through the catalyst bed. The unit was 
equipped with automatic process control [109]. An experimental procedure aimed 
to measure solely deactivation kinetics must ascertain that only catalyst activity is 
time dependent. Therefore, the method of deactivation compensation was applied 
[ 101 , 102 ], by means of contact time variation, i. e., increase with progressing 
deactivation, resulted in a constant conversion and hence constant concentration of 
components [109]. Since it is known that a reduced capacity of oxygen adsorption 
on a commercial Ag/Al 203 catalyst may be directly correlated to its decayed activ- 
ity [69], the concentration of O 2 in the effluent was chosen as the key variable to 
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which the degree of catalyst deactivation was related besides temperature. There- 
fore, O 2 concentration was varied for various deactivation experiments [109]. 

The outcome of experiments are rates of ethylene consumption and C 2 H 4 O and 
CO 2 formation, which then can be converted to the activity function a = (t). This 
then allows to correlate the rate of deactivation with the various process variables. 



7. Conclusions 

Deactivation mechanisms differ by their causes and consequences. Although hav- 
ing separated reasons for their appearance and different impacts on the catalyst, 
they are often interconnected, even one mechanism being initiated by another. 
This makes situation fuzzy since the main deactivation mechanism can be a sec- 
ondary one by order of appearing. Sometimes the main deactivation mechanism 
can even be masked by another, more benign one. 

While poisoning changes the character of active sites, coking or fouling mainly 
leave the active sites unchanged but suppress their availability to reactants. The 
influence of ageing on active sites is different, depending on which particular 
mechanism of ageing occurs, i.e. with or without change of catalyst composition. 

Different factors determine the particular mechanism of deactivation: the type 
of substrate responsible for deactivation (poison, coke), the substrate/catalyst 
affinity, main and deactivation reaction mechanisms and kinetics, reaction pa- 
rameters like temperature, concentration and pressure, and finally textural proper- 
ties of the catalyst and its acidity. 

In effort to control deactivation as much as possible, two approaches are of- 
fered: either to avoid it when possible, like feed purification, or accept it but 
minimizing its effects. For the second approach catalyst memory effects have to 
be acknowledged, by preventing process irregularities as early as in the phase of 
catalysts fabrication. 

Accelerated deactivation tests are powerful tools for studying catalyst deactiva- 
tion in a relatively short time and at a suitable reactor scale. With properly se- 
lected reaction variables and by applying e.g. a deactivation compensation ap- 
proach in a gradientless reactor, deactivation kinetics can be determined. This can 
be the basis for further modeling, with the final goal of predicting the catalyst life 
and its performance in commercial conditions at any time of operation for a given 
time of reactor. 
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Abstract. This chapter is concerned with divided catalytic processes, a topic which is still 
an innovative concept in chemical reaction engineering, but which has meanwhile become a 
known and applied one. Divided catalytic processes belong to the class of unsteady state 
reaction processes, specifically to the class of forced periodic processes (see for example 
[1,2] ). They are an extreme form of modulation of initial concentrations and can only be 
used in heterogeneous catalysis. A description of the principle and history of divided 
catalytic processes will be given, together with specific examples. After a short view on 
reactor designs with industrial potential, advantages and disadvantages of the processes will 
also be considered. Finally, industrial application of this concept in reaction engineering 
will be described. Not only scientific research associations assume that, with increasing 
research, thus increasing knowledge and experience, periodic operation of chemical 
reactors will establish itself as a possible method of operation which promises success [3]. 



1 Principle 

Divided catalytic processes as a concept in reaction engineering can be employed 
to heterogeneously catalysed gas-phase reactions which have more than one feed 
component and one or more chemical elements which are transferred between gas- 
phase and solid-phase (= catalyst). During a non-divided (i.e. steady-state) 
catalytic process, this transfer continuously takes place, so it cannot be recognised 
in an integral manner. A well investigated class of these reactions are those where 
reduction and oxidation of the solid catalyst proceed simultaneously under steady- 
state reaction conditions (mechanism as specified by Mars and van Krevelen 

[4] )*. 



^ The term reduction or oxidation here refers to the solid catalyst or, more precisely, to the 
relevant metal component(s). 
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The principle of divided catalytic processes is to divide such heterogeneously 
catalysed gas-phase reactions into two individual steps (e.g. reduction and 
oxidation) which proceed separately in space or time. Hence, the solid acts no 
longer as a catalyst, but as a reactant; the heterogeneously catalysed gas-phase 
reaction breaks down into two independent gas-solid reactions (see Fig. 1). 

in. comp. + prod. 1 ( + prod. 2) (Catalysis) 



in. comp. + "cat."o^ ► prod. 1 + "cat.''^^^ (Reduction) 



"catted + <0> - ->■ "cat. "ox ( + prod. 2) (Oxidation) 



V 



Fig. 1. A divided catalytic process using the example of a partial oxidation of the gas-phase 
initial component “in. comp.” to the main product “prod. 1” with the catalyst “cat.”, 
whereby a side-product “prod. 2” can be formed, (“cat.’ox and “cat.”red dedicate the 
oxidised and reduced form of the solid; <0> stands for an oxygen source) 



A more general classification of divided catalytic processes as dynamic 
operated catal}d;ic processes will describe them as forced unsteady state processes 
with periodic modulation of the initial concentrations [1,2,5]. This is because 
during a periodic repetition of a divided catalytic process, the change of inlet 
components between two successive steps is like an extreme variation of the 
concentrations in the inlet stream. The concentrations are varied so greatly, that 
only some or one of the initial components are fed to the reactor, respectively. 



2 History and Examples 

It is usually assumed that the concept of divided catalytic processes was first 
proposed by Lewis et al. [6] in 1949. The authors studied the reaction of methane 
reforming in the presence of copper(II) oxide (CuO) as a divided catalytic process. 

CuO + CH^ Cu + CO + 2 H 2 (Step 1) 



Cu + V 2 O 2 ► CuO (Step 2) 

The advantages specified for this system were the use of air as oxidising agent 
and the improved thermal balance. For partial oxidation reactions where reduction 
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and oxidation processes proceed on the solid, the commonly given historical data 
are correct. But if divided catalytic processes are considered to be a general 
principle - where other elements beside oxygen can be transferred between gas 
and solid phase the first reference was as early as 1889. The invention by Mond 
[7], which was published at this time, included splitting the Deacon process [8] 
(Eq. (1) ) for the recovery of chlorine (CI 2 ) from hydrogen chloride (HCl) 

2HCl + j^02 < ^ CI 2 +H 2 O (1) 

into a chlorination step and a dechlorination step in the presence of doped 
magnesium oxide (MgO/KCl). This two-step process variant was further 
developed and was finally applied by Minet et al. [9-12] to the catalyst favoured 
by Deacon containing copper (Cu) as active component ^ (for the history and 
chemistry see also Pan et al. [10] ). 



CuO + HCl 


Cu(OH)Cl 


(Step 1) 


2 Cu(OH)Cl 


CU2OCI2 + H2O 


(Step 1) 


CU2OCI2 


CuO + CUCI2 


(Step 1) 



CUCI 2 CuCl + V 2 CI 2 (Step 2) 

2 CuCl + V 2 O2 CUCI2 + CuO (Step 2) 

The advantages resulting from dividing the chlorination and dechlorination step 
are significantly decreased corrosion problems in the chlorine work-up section 
owing to the lack of hydrogen chloride, and overcoming the thermodynamic 
equilibrium of the reaction (1)^ (see also [13] ). 

Relatively soon after the divided catalytic process concept had been published 
for methane reforming, it was considered for industrial use. In 1956 Kronig et al. 
[14] filed a patent claiming the beneficial use of divided catalytic 
oxidehydrogenation processes for dehydrogenation reactions. Improvements in 
partial oxidations, using the examples of the oxidation and ammoxidation of 
propene, were promised by SOHIO (= Standard Oil Co. of Ohio', since 1987, BP 
America), which had made a detailed study of these systems in the 1960s on a 
laboratory scale [15]. This concept was later successfully applied to other 
reactions: 



^ Although the reaction mechanism shown here also contains a reduction-oxidation cycle, 
with respect to the solid, this cycle takes place completely in step 2, so it is not divided. 
Divided is the absorption and release of chlorine atoms as well as of oxygen atoms. 

^ The thermodynamic equilibrium is overcome in this open system as a result of different 
temperature regions for the independent steps 1 and 2, where certain reactions of the 
solids proceed preferentially. 
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• Ammoxidation of toluene and of xylene isomers to benzonitrile and 
dicyanobenzene isomers, respectively {C-E Lummus, USA [16]^^^ ) 

• Oxidation of n-butane to maleic anhydride {DuPont, USA [17,18] ) 

• Oxidehydrogenation of isobutyraldehyde to methacrolein {University of 

Erlangen-Numberg, Germany [19] ) 

• Oxidehydrogenation of ethane to ethene {University of Reading, United 

Kingdom [20] ) 

• Oxidehydrogenation of ethylbenzene to styrene {BASF, Germany [21-24] ) 

• Oxidehydrogenation of isobutyric acid to methacrylic acid {University of 

Erlangen-Niirnberg, Germany [25, 26] ) 

• Oxidehydrogenation of propane to propene {Polish Academy of Sciences, 

Poland, [27] and University of Waterloo, Canada [28,29] and the Institut 
de Recherches sur la Catalyse, Villeurbanne, France [30] ) 

• Oxidative coupling of toluene to 1,2-diphenylethane {Ecole Polytechnique 

Federate de Lausanne, Switzerland [31] ) 

• Oxidative coupling of isobutene to 2,5-dimethyl- 1,5-hexadiene {University of 

Erlangen-Niirnberg, Germany [32,33] ) 

• Oxidation of propene to acrolein {DuPont, USA, and AtoChem, France [34] ) 

• Oxidation of acrolein to acrylic acid {Technical University of Darmstadt, 

Germany [35] ) 

Key: = laboratory scale; = pilot scale; = production 



3 Reaction Equipment 

In order to implement divided catalytic processes in industrial production, special 
reactor designs are required which enable a periodic sequence of gas-phase feed 
change to the solid catalyst. In principle, it is possible to separate the individual 
steps either in time or in space. 

When the catalytic process is separated in time, a fixed-bed reactor will be 
used. The latter is operated in the unsteady state by periodically changing the feed 
stream, so the solid remains in the reactor (see Fig. 2a). For industrial applications, 
downstream units should be supplied with a continuous, rather than a dis- 
continuous, product stream. This may be achieved by connecting an appropriate 
number of periodically operated fixed-bed reactors with a phase shift in parallel. 
Purge steps have to be taken into account where applicable. 

The oxidehydrogenation of ethylbenzene as mentioned above may serve as an 
example of a process in periodically operated fixed-bed reactors. Approximately 
22 % of elemental oxygen (O) which are theoretically available (completely 
oxidised state) are exchanged between the gas and the solid per individual step in 
one fixed-bed reactor. With this amount 53 gproduct/kgcat or with respect to the cycle 
time 2.65 gproduct/kgcat/hcyc can be produced (data used from [24] ). The advantages 
of fixed-bed reactors over fluidized beds are especially the adjustable narrow 
residence time distribution^ and the purely static mechanical strain on the solid. 



^ Narrow residence time distributions permit more optimised reaction times for all 
molecules, so a higher global selectivity can be reached. 
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a) Fixed-bed reactor 



b) Riser-regenerator-system 



Fig. 2. Reactor designs for divided catalytic processes with reduction and oxidation of the 
catalyst as example: 

a) separation in time in a periodically operated fixed-bed reactor; 

b) separation in space in the riser-regenerator system; 

(red = feed reducing agent; ox = feed oxidising agent; cat = transported solid catalyst) 



Riser-regenerator systems (see Fig. 2 b) operate with a spatial separation of the 
reduction and oxidation steps, and these systems are commonly used for fluid- 
catalytic-cracking (= FCC) (see e.g. [36] ). This type of reactor is used especially 
in the case of very fast reactions which release a lot of energy or have a tendency 
towards overreduction of the catalyst^. A well-known example is the synthesis of 
maleic anhydride where approximately 2.6 % of elemental oxygen (O) which is 
theoretically available (completely oxidised state) are exchanged between the gas 
and the solid per pass through the riser reactor. With this amount, 0.63 gproduct/kgcat 
or, with respect to the cycle time, 24 gproduct/kgcat/hcyc can be produced (data used 
from [18]). For the synthesis of acrolein, data are available [34] which yield 



^ Ovtoeduction: The amount of oxygen removed from the solid catalyst is so high that the 
original structure cannot be reconstituted during (re-)oxidation and the process becomes 
irreversible [37] (see also Section 5.4, page 10). 
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0.05 % exchangeable oxygen (O) and 0.062 gproduct/kgcat or 0.44 gproduct/kgcat/hcyc 
product. Further advantages of fluidized-beds or riser-regenerator systems are the 
higher effective reaction rate, which depends on the degree of pore efficiency, and 
the easier introduction and removal of the solid. 

If the riser reactor is replaced by a (second) fluidised bed, this also leads to a 
spatial separation between reaction and regeneration, but then both steps are 
operated with longer residence times (see e.g. [12] ). The Deacon process is an 
example: here, the reactor concept permits 9 % of the theoretically available 
chlorine atoms (Cl) to be exchanged. Hence, the amount of CI 2 which can be 
produced is 20 gproduct/kgcat or, with respect to the cycle time, 34 gproduct/kgcat/hcyc 
(data used from [11]). 

Moving-bed reactors reveal a further possibility of spatial separation in 
reactions during which the oxygen in the solid is consumed very slowly, or the 
available amount is correspondingly large [38]. These have been applied 
especially to the periodic reduction and oxidation of iron in the steam-iron process 
(see Casper [39], Chapters 2 and 5). 

The choice of reactor type is affected to a great extent by energetic and, thus, 
economic aspects as well as safety reasons, as discussed by Cavani and Trifiro 
[40] for selective oxidations of alkanes. Both principles of reactor design 
(separation in time or space) have already been successfully applied to divide the 
reaction and regeneration steps. The majority of applications going beyond the 
laboratory scale involve riser-regenerator systems, as shown by the examples of 
the ammoxidation of toluene [16] or the oxidation of n-butane [18,41-46]. The 
approach of periodically operated fixed-bed reactors has been studied extensively 
for the oxidehydrogenation of ethylbenzene [22,24] and of isobutyric acid [25]. 

For completing the description of reactor types used for reduction-oxidation 
cycles, the pulse reactor has to be mentioned, too. This reactor type has repeatedly 
been described in literature. The experiments in the pulse reactor have been 
carried out to study the behaviour of the catalyst [27,30,47,48], to explain reaction 
mechanisms [28,29,37,38] or to assess in a fundamental manner the possible 
application of divided catalytic processes [20,23,25,28,29,35,49]. However, this 
reactor design seems not to be suitable for the production scale. 



4 Advantages 

The advantages of all or some of the processes listed in Section 2 are discussed in 
separate subsections below: 



4.1 Increased Selectivity 

The application of the concept of divided catalytic processes for all of the systems 
listed in Section 2 results in a decrease of the total oxidation and, thus, in a 
noticeable increase (by 5 through 40 percent relatively) of the product selectivity 
with regard to the reactant to be converted. However, the yield can be increased 
only for some of the processes. The reasons are the decreased activity of lattice 
oxygen, or either the slow diffusion of oxygen from the bulk of the solid phase to 
the surface becomes rate determining, as well as a decrease in time of the oxygen 
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supply (= conversion decreases with time during a single reaction step). Therefore, 
the measured time-averaged yields are mostly increased by only about 1 - 30 % 
relative to the yield of a conventional process - and only in exceptional cases by 
up to 100% [31]. 

A number of possible reasons for the selectivity improvement have been 
discussed in literature. Originally, it was assumed that the absence of oxygen 
molecules as free radicals prevented total oxidation [15,16]. Subsequently, it was 
found that adsorbed oxygen species (O 2 ’ or O') especially promote the total 
oxidation [50]. Since total oxidation has repeatedly been observed to be 
unavoidable in processes which have been carried out as divided catalytic 
processes [25,33,51], the discussion which steps are selective or non-selective has 
not come to a conclusion [51,52]. For example. Greaser et al. [28,29] have found 
for the oxidehydrogenation of propane that both, adsorbed oxygen and lattice 
oxygen, lead to total oxidation. 

A further approach explaining the increased selectivity is based on the 
mechanism for heterogeneous catalysis of oxidation reactions in the presence of 
oxygen-transfer metal catalysts, proposed by Mars and van Krevelen [4]. The 
reduction-oxidation cycle of the metal must settle during the conventional mode of 
steady-state operation such that the slower of the two reaction steps is rate- 
determining. The metal catalyst is thus in an oxidation state which may not be 
optimal for the reaction to yield the target product (see also [2] ). In contrast, 
during the divided process, the ideal oxidation state for the reaction to the target 
product can be utilised [17,26,28,29,41,42]. Pugsley et al. [43] pursue a similar 
approach, which explains the improved selectivity as due to changes in 
concentration ratios and thus to different reaction rates (= purely kinetic aspects). 



4.2 Optimum Control of the Separate Processes 

The separation of the reduction and oxidation steps in space or time makes the 
independent optimisation of the conditions for the two separate processes possible. 
This involves optimising pressure, temperature, initial concentrations and 
residence time. The advantages which can be achieved by proper control of the 
separate processes have been shown by Hagemeyer, Watzenberger et al., using as 
examples the parameters temperature [21,24] and residence time [22]. 



4.3 Increased Initial Concentrations in the Feed Stream 

Depending on the reaction system, divided catalytic processes offer the advantage 
of markedly increasing the concentration of the component which is to be reacted 
in the feed stream. Due to the absence of oxygen, firstly, explosive mixtures 
cannot be formed [16,41] and, secondly, runaways in the adiabatic or 
approximately adiabatic state cannot occur [16]. Runaways can be substantially 
avoided because the reaction automatically comes to a standstill when the active 
lattice oxygen in the solid has been consumed. The increase in the concentration 
of the reactive component results in a higher conversion rate, reduces the 
separation requirements downstream of the reactor and requires smaller units for 
gas transportation. 
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4.4 Decreased Separation Effort 

In addition to higher concentrations in the product stream, other aspects play an 
important role here. Increases in selectivity and increased conversion rates (see 
paragraphs 4.1 and 4.2) minimise the separation requirement. Since the oxidation 
step takes place independently, the offgas from the oxidation step need not be 
passed on to the product purification. If air is used as the oxidising agent, this 
prevents passing huge amounts of nitrogen (as present in the air) through the 
separation units [15]. Depending on the product spectrum, downstream of the 
production step there is the possibility that - after removing the main product - 
the residual gas stream need not be cleaned further. Unwanted by-products could 
be oxidised completely within a subsequent oxidation step and the gas stream 
discharged as exhaust gas [16]. It can also be advantageous for the downstream 
separation to have additionally installed nitrogen purge steps, during which 
adsorbed carbon dioxide CO 2 from the oxidation step, for example, is removed 
from the system and thus does not enter the product purification steps [53]. 



4.5 Reduced Catalyst Mass 

In addition to the increase in selectivity, the optimised mode of operating the 
individual separated steps (see paragraphs 4.1 and 4.2) leads to higher space-time 
yields (STY = mass product/(mass of catalyst x reaction time) )^, so that the mass 
of catalyst required can be reduced by up to 50 % [42]. Here, the total mass of the 
catalyst in the whole equipment, dedicated to reduction and oxidation steps, must 
be taken into account. For processes separated in time in a single apparatus, the 
same applies with respect to the reaction time, which is than the whole time of all 
single steps. In addition, the deactivation of the catalyst by progressive coking can 
be prevented. The reason is that species adsorbed on the solid catalyst - reacting 
in a conventional process further to form coke precursors or coke - are completely 
oxidised during the separate oxidation step and, thus, are removed from the 
catalyst’s surface [26,44]. 



5 Disadvantages 

In addition to the above mentioned advantages of divided catalytic processes, 
other aspects which may appear to be disadvantageous must be considered. 



5.1 Additional Equipment Requirements 

Depending on the design of the reaction apparatus, additional components such as 
switching valves to change the feed stream or additional equipment such as 



^ The term space-time yield is correct only indirectly in this context, since catalyst mass and 
reactor volume are not directly proportional to each other. The term mass-time yield 
would be logically correct, but is not common, height hourly space velocity (= WHSV) 
is often used, but WHSV can also rely on the mass of the materials fed. 
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regenerators or other fixed-bed reactors must be installed (see also Section 3). 
This additional expense is acceptable under some circumstances owing to higher 
selectivities and yields (see e.g. [41] ) or higher space-time yields (see e.g. [16] ). 



5.2 Increased Energy Consumption 

Especially using a riser-regenerator system is accompanied by an increased energy 
consumption. This is due to the continuous pneumatic transport of the high mass 
of solid which depends both on the number of oxygen atoms required per formula 
conversion and on the amount of oxygen released per mass of solid catalyst (see 
e.g. [24,32,33] ). The purpose here is to find optimised catalysts which - in 
addition to high yields - also ensure high, controlled oxygen release over a long 
period^. 



5.3 Increased Material Consumption 

The high abrasion of solids in riser-regenerator systems leads to a more rapid 
consumption of the solid, so this must be replaced batchwise or continuously. 
However, specific research and further development of the solid catalyst can lead 
to very stable and thus longer-living catalysts. As example Contractor et al. [44] 
introduced a highly suitable catalyst for oxidising n-butane to maleic anhydride. 

Particularly when fixed-bed reactors are used, it might be necessary to install 
additional purge steps (usually applying nitrogen N 2 ) [22,53]. These act to remove 
adsorbed components which may decrease selectivity or prevent reoxidation [53], 
as well as to avoid explosive mixtures during the switch from reducing gas to 
oxidising gas. 



5.4 Required Cycle Stability of the Solid Catalyst 

The fundamental criterion with which every solid catalyst must comply if it is to 
be used in divided catalytic processes, is the ability to undergo a large number of 
reduction-oxidation cycles without loss of activity or selectivity (= cycle stability). 
The cycle stability is only ensured if both the chemical and mechanical 
preconditions are satisfied. 

Chemically, the cycle stability is ensured when the reduction and oxidation 
steps are completely reversible. This is not always the case, as shown by the 
studies of Ilkenhans et al. [37] on heteropoly acids which decompose under strong 
reduction, forming stable M 0 O 3 phases. The tendency towards deactivation 
because of reduction of the solid below a certain oxygen content (= overreduction) 
is also known with other catalysts such as vanadium(V) oxide V 2 O 5 [42] and pure 
as well as modified bismuth oxide Bi 203 [32,33]. Permanent deactivation can be 
prevented in the case of heteropoly acids by constant addition of steam to the feed 
[26] (an explanation is given in [37]). 



^ The parameter which should be used here is the mass-specific space-time yield as (mass 
of product)/(mass of catalyst)/( contact time or cycle time, respectively). 
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Mechanical impairment of the cycle stability is caused by the constant change 
in solid structures during the individual, separated steps [16,54]. Changes in 
volume due to different densities in the reduced and oxidised state and changes in 
the crystal structure are particularly noticeable here. This problem may be 
circumvented by using supported catalysts, for example, since the active phase is 
stabilised by an inert support - at least in its basic structure - and mechanical 
strains are absorbed by the support. 

Adequate cycle stability of the solid catalyst is therefore considered crucial for 
implementing a given divided catalytic process in industrial production. There- 
fore, intensive studies of the cycle-dependent behaviour are the fundamental basis 
for further action. Detailed studies of the processes during reduction and oxidation 
as have been carried out, for example, by Ilkenhans et al. [37,48] or in an intro- 
ductory manner by Hiltner [32,33], must not be underestimated here. 



5.5 Overreactive Behaviour After the Oxidation Step 

Hagemeyer et al. [21,22] observed increased total oxidation of ethylbenzene at the 
beginning of the dehydrogenation step (reduction) during the divided catalytic 
oxidative dehydrogenation to styrene over a bismuth oxide catalyst. This is due to 
the high activity after the (complete) catalyst (re-)oxidation. The higher activity 
can be counteracted by the modes of operation patented by BASF, Germany. Thus 
Hagemeyer et al. propose as a solution varying the temperature between reduction 
and oxidation [21] or changing the temperature profile during the reduction by 
varying the inert gas content [22]. 



6 Industrial Application 

It is definitely useful to survey the known existing industrial applications of a new 
technique under investigation, because if this technique has already been used for 
industrial production, it meets the usual requirements (such as economic 
efficiency, availability of materials and operational reliability). 

Generally, the only unsteady state processes with short duration times which 
have potential for industrial use are those which can be repeated in the same way 
in high numbers - means they can be operated periodically [55,56]. Only in this 
way can the advantages of the unsteady state operation mode be combined with 
steady-state production. The discussed divided catalytic processes can be perio- 
dically operated, so that corresponding potential may be expected. Unfortunately, 
information on the use of new technologies in industry is relatively difficult to 
obtain, so that only a few examples can be mentioned. 

Divided catalytic processes in which the catalyst is cyclically reduced and 
oxidised have appeared in industrial production only slowly. The first application 
was planned towards the end of the 1960s by SOHIO (now BP America) in the 
oxidation of propene [15]. Its introduction as a production process was prevented 
shortly before the planning stage by an improvement in the catalyst for the (non- 
divided) steady-state process. 

Another attempt to use divided catalytic processes in a production process was 
made at DuPont for producing maleic anhydride from n-butane at the beginning of 
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the 1990s [57]. A recent article gives some insight into the current state of the 
production process [18]. It was found that despite thorough preliminary testing 
and moderate scale-up factors, the implementation of the novel process design in 
the production scale raises additional problems. However, it is also shown that 
after three years of intensive work, the production plant is now achieving its 
nominal capacity. For this reason it is not surprising that DuPont is making new 
attempts in applying the divided catalytic processes also to further selective 
oxidations, as shown by the patent of DuPont and AtoChem [34] for preparing 
acrolein from propene. 

In principle, one would expect divided catalytic processes to be a technology 
which can be handled on a industrial scale, because cyclic operation modes of 
catalysts have been successfully used for years in the form of periodic 
regeneration processes, for example, in fluid-catalytic-cracking (FCC). 



7 Summary 

As this contribution shows, in addition to the chemical and engineering aspects, 
owing to the various advantages and disadvantages of divided catalytic processes, 
an economic consideration is always necessary, too. Only this comprehensive 
evaluation can indicate whether carrying out heterogeneously catalysed gas-phase 
reactions as divided and periodic processes is an industrially viable alternative to 
existing or known processes. A fundamental study of the system including 
microscopic level (intrinsic kinetics, cycle stability) and macroscopic level 
(simulation of the overall process) can act as a basis for this. This assessment is 
facilitated by the increasing amount of research work in the sector of unsteady- 
state heterogeneous catalysis [2]. 

Acknowledgements. The authors would like to thank the editor. Professor M. 
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Abstract. Microstructured reactors are mainly characterized by their very high surface to 
volume ratio compared to traditional chemical reactors. Multichannel microreactors having 
channel diameters in the order of ten to several hundred micrometers have specific surface 
areas up to 50’000 vc^Ivcl. This value is roughly two orders of magnitude higher compared 
to conventional production vessels. 

Due to the small reactor dimensions diffusion times are short and the influence of mass 
transfer on the rate of reaction can be efficiently reduced. As the heat transfer performance 
is greatly improved compared to conventional systems, higher reaction temperatures are 
admissible leading to reduced reaction volumes and amount of catalyst. Therefore, micro- 
structured reactors are especially predestinated for fast, highly exothermic or endothermic 
chemical reactions. 



1 Introduction 

Microreaction technology became an important issue in Chemical Reaction 
Engineering within the last 6 years. In Europe the development started mainly 
with a workshop on “Microsystem technology for chemical and biological 
microreactors” held in Germany in the year 1995 [1]. This first workshop was 
followed by five International Conferences on Microreaction Technology 
(IMRET) organized up-to-now alternatively in Europe and North America. As a 
consequence of the rather new and rapidly growing developments, most of the 
literature in the domain of microtechnology can be found in the proceedings of the 
mentioned international conferences. 

Microstructured reactors are characterized by three-dimensional structures in 
the sub-millimeter range. Mainly multichannel reactors are currently used with 
channel diameters between ten and several hundred micrometers. Therefore, one 
of the main features of microstructured reactors is their high surface to volume 
ratio compared to traditional chemical reactors. The specific surface in 
microchannels lays in the range of lO’OOO to 50’000 m^/m^, whereas the specific 
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surface in typical laboratory and production vessels is about 100 m^/m^ and 
seldom exceeds 1000 m^/w?. 

Usually, microstructured reactors work under laminar flow conditions. 
Therefore, the Nusselt number reaches a constant value. As the heat transfer 
coefficient is inversely proportional to the channel diameter, their values for 
micro-reactors are in the order of 10kW/(m^ K) being roughly one order of 
magnitude higher than those found for the traditional heat exchangers [2]. 
Schubert et al. reported values for heat transfer coefficients determined 
experimentally of up-to 25 kW/(m^ K) [3]. 

The high heat transfer performance allows very fast heating and cooling of 
reaction mixtures in open reactor systems [4, 5]. Therefore, reactions can be 
carried out under isothermal conditions for short, well defined residence times in 
the reactor, and the decomposition of unstable products can be efficiently avoided. 
An example is the catalytic dehydrogenation of methanol to water-free 
formaldehyde. The reaction takes place in the range of 1000-1200K to get 
complete conversion of methanol. As the produced formaldehyde is unstable 
under the reaction conditions and decomposes to carbon monoxide and hydrogen, 
the reaction mixture has to be quenched rapidly at the reactor outlet. Using a 
microstructured, heat exchanger temperature gradients of up to 6400K/s could be 
obtained leading to formaldehyde yields of more than 80% at nearly complete 
conversion of methanol [6]. 

Besides heat transfer, mass transfer is also considerably enhanced in micro- 
structured reactors. In special configurations mixing times in the order of 
milliseconds or even nanoseconds are reported [7, 8]. 

Due to the small reactor dimensions diffusion times are short and the influence 
of mass transfer on the rate of reaction can be efficiently reduced. As the heat 
transfer performance is greatly improved compared to conventional systems, 
higher reaction temperatures are admissible leading to reduced reaction volumes 
and amount of catalysts [9]. Therefore, micro-structured reactors are especially 
predestinated for fast, highly exothermic or endothermic chemical reactions. 

Small inventory of reactants and products leads to an increased inherent safety 
of the reactor. In addition, it was demonstrated that the reactor can be operated 
safely under conditions, which lay in the explosion regime [10-12]. The small 
reactor dimensions facilitates the use of distributed production units at the place of 
consumption thus avoiding the transportation and storage of dangerous materials. 

Finally, using of microstructured reactors can lead to an efficient process 
development since the step of scale-up is replaced by simple “numbering-up” [13]. 

The potential benefits of micro-structured reactors can be summarized as 
follows: 



• Process intensification 

• Inherent reactor safety 

• Broader reaction conditions including the explosion regimes 

• Distributed production 

• Faster process development 
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2 Packed bed Reactors 

One of the main problems in using microstructured reactors for heterogeneously 
catalyzed reactions is the introduction of catalytic active phase. The easiest way is 
to fill microchannels with catalyst powder. The “micro-packed-bed” is commonly 
used for catalyst screening [14, 15]. But there are also examples for the use of 
micro-packed-beds for the distributed production of chemicals. The advantage of 
packed-bed microreactors stems from the fact that traditional and optimised 
catalytic systems can be easily implemented in the microsystem. Typically, the 
catalyst particles have diameters in the range of 35 to 75 |im [16]. At these 
dimensions, the reactor operates in laminar flow. 

Tonkovich and coworkers used packed bed microreactors for the production of 
hydrogen [17-22]. For the partial oxidation of methane the authors constructed a 
reactor consisting of stacked stainless steel sheets [18]. The microchannels (254 
pm wide, 1500 pm deep and 35 mm long) are cut either by conventional or 
electrodischarge machining and filled with a mesoporous silica impregnated with 
Rh. The reactor plates are sandwiched between two integrated heat exchanger 
plates. A similar reactor system is used for fuel processing [19, 23]. The fuel 
processor produces hydrogen-rich streams from hydrocarbon-based feedstocks in 
a multi-step process including fuel vaporizer, primary conversion reactor 
producing CO-rich synthesis gas, a water gas shift reactor, and finally a CO clean- 
up reactor. MicroChannel reactors can be used to reduce the size of conventional 
reactors without lowering the throughput as limitations of the global reaction rates 
by heat and mass transfer can be efficiently avoided. A critical step of the fuel 
processor is the CO elimination. As PEM fuel cells are sensitive to carbon 
monoxide, its concentration should not exceed 50 ppm. Tonkovich et al. [19] 
demonstrated that CO can be transformed by the water gas shift reaction to CO 2 
with a conversion of 99.8% within 25ms at 300°C in a microchannel reactor over 
a Ru/Zr 02 powder. 

An example for the inherently safe production of phosgene in a microsystem is 
given by Ajmera et al. [24]. The used microreactor was fabricated out of single 
crystal silicon. The reactor consisted of a 20mm long, 625pm wide and 300pm 
deep reaction channel capped with Pyrex glass. At the outlet of the microchannels 




Fig. 1: Multichannel reactor design [25] 





526 Albert Renken 




catalyst filler 




Fig. 2: Inlet design. 9 separate 25 pm *^‘8- Reaction channel outlet design, 
inlets distribute gas and liquid to the 
reaction channels. [25] 

a filter with 25iim holes were placed to retain the catalyst powder. Experiments 
were carried out with ca. 1.3mg activated carbon with a particle diameter of 53-73 
pm. The reactor was operated with a stoichiometric mixture of CO and CI 2 at a 
total flow rate of 4.5 cm^/min (STP). At atmospheric pressure and a temperature 
of 200°C complete conversion was achieved, corresponding to a productivity of 
0.4 g/h (3.5kg/a) phosgene firom a single channel. 

The design of the used micro-packed-bed reactor was initially developed for 
multiphase reactions [25]. Besides a one-channel reactor a bundle of ten parallel 
microchannels were used as shown schematically in Fig. 1. The micro multi- 
tubular reactor consists of a microfiuidic distribution manifold, a microchannel 
array, and a 25pm microfilter at the channel exit to retain the catalyst powder. 
Details of the reactor inlet and outlet are shown on Fig. 2 and 3. 

The microreactor was used for the catalytic hydrogenation of cyclohexen as a 
model reaction. Hydrogenations are highly exothermic. Consequently thermal 
uniformity and efficient temperature control is important to prevent reactor 
runaway. In addition, the reaction rate is often limited by gas-liquid mass transfer. 
For the mentioned test reaction the reactor channels were packed with platinum 
supported on alumina powder. Catalyst loading was in the order of 4 g/channel. 
Experimental results show that the volumetric mass transfer lies in the range of 
5<kLa<15 s This values are roughly two orders of magnitude higher than those 
reported for classical trickle beds. Analysis of the power dissipation for a given 
mass transfer rate showed that the microreactor operates with an efficiency 
corresponding to traditional multiphase reactors. 

The drawback of micro-packed-bed reactors is the high pressure drop. In 
addition, each channel must be packed identically to avoid maldistribution, which 
is known to lead to a broad residence time distribution in the reactor system. To 
avoid problems related to the use of randomly packed beds, structured catalytic 
beds were recently proposed [26-28]. The novel concept of a microreactor is based 
on a structured catalytic bed arranged with parallel filaments of a few micrometers 
in diameter (3-10 pm). The arrangement gives flow hydrodynamics similar to 
multi-channel microreactors, known to have a narrow residence time distribution 
(RTD). The channels for gas flow between the filaments (see Fig.4) have an 
equivalent hydraulic diameter in the range of few microns ensuring laminar flow 
and short diffusion times in the radial direction. 
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Fig. 4 : Schematic presentation of gas flow between catalytic filaments [30] 

The microstructured catalyst was used in a membrane reactor specially 
developed for the continuous production of propene from propane via non- 
oxydative dehydrogenation. The catalytic filaments with a diameter of ca. 7pm 
consisted of a silica core covered by y-alumina porous layer on which an active 
phase of Pt/Sn is supported (Fig. 5) [29, 30]. 

The catalytic filaments were introduced into the tubular reactor in the form of 
threads. Each thread with a diameter of about 0.5 mm consists of a bundle of -100 
filaments, with a diameter of -7 pm. The catalytic threads were placed in parallel 
into the tube to form a cylindrical catalytic bed of several centimetres length. The 
catalytic bed arranged in this manner has about 300 threads per cm^ within the 
tube cross-section. The porosity of the filamentous packed bed is e=0.8. The 
specific surface per volume is in the order of 108 mVm^ and thus, about 50 times 
higher compared to washcoated tubes of the same inner diameter [27]. The 
hydrodynamics of gas flow through the microstructured catalytic bed were studied 
and compared to different conventional packings. The residence time distribution 
(RTD) was measured in a tube packed with the filamentous catalyst and with 
particles of silica and y-alumina of different shapes and sizes. Experimental results 
are presented in Figure 6. Under identical experimental conditions, randomly 
packed beds showed significantly broader RTD compared to the structured 



0 




Fig. 5 :SEM and TEM images of Pt/glass fibrous catalyst [30] 
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t/T[-] 

Fig.6 : Residence time distribution in randomly packed beds compared to a structured 
filamenteous bed [27] 



filamentous packing. A further advantage of the structured filamentous packed 
bed is the ca. 5 times lower pressure drop compared to the randomly packed bed 
for the same hydraulic diameter and comparable gas flow rates. 



3 Catalytic Wall Reactors 



To avoid high pressure drop in randomly packed microstructured reactors 
multichannel reactors with catalytically active walls were proposed. In most cases 
the reactors are based on micro heat exchangers [3, 31] as shown in Fig. 7. Typical 
channel diameters are in the range of 50 to 500 |xm with a length between 20 and 
100 mm. About 200 to 2000 channels are assembled in one unit. Due to the small 
channel diameters the reactor operates under laminar flow conditions. Whereas, 
the pressure drop in the channels can be estimated from the Hagen-Poisseuille 
law, the prediction of the pressure drop in the whole system can only be calculated 
on the basis of a detailed flow model taking into account the inlet and outlet zones 
[32-34]. 

Besides the kinetic parameters, the mean residence time and the residence time 
distribution (RTD) in the reactor influence strongly the product yield and 
selectivity. To get the maximal yield of the intermediate product for consecutive 
reactions, RTD in the reactor should be suppressed. MicroChannel reactors work 
under laminar flow conditions. At first glance, a laminar flow profile seems to 
provoke a vast distribution of residence times. But Taylor and Aris [35] showed 
that radial diffusion can counteract the RTD broadening influence of the parabolic 
flow profile. For circular tubes the axial dispersion coefficient, Dax, is given by: 
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Fig. 7: Micro heat exchanger: foil length (cl): 14 mm; foil width (c2): 14mm; width of 

patterning (c3): 10mm; foil thickness (c4): 100|im; channel length (L): 14mm; 

channel width (b): 100|im; channel height (h): 75 |im; [31] 

where D is molecular diffusion coefficient; u- average linear velocity; dr tube 
diameter. 

Due to the small tube diameters of the microchannels the radial diffusion time 
of gases is in the order of milliseconds and the axial dispersion can be efficiently 
suppressed, as shown by theoretical and experimental studies [36, 37]. The 
optimal design for flow uniformity in microchannel reactors was recently 
discussed in detail by Matlosz et al. [38]. Industrial examples for the efficient use 
of microchannel reactors to suppress consecutive reactions are discussed by Worz 
[13,39]. 

To use microstructured wall reactors for heterogeneously catalysed reactions a 
catalytically active layer has to be introduced. The catalyst can be deposited on the 
interior wall of the channels by various techniques, like physical vapour 
deposition (PVD), chemical vapour deposition (CVD) of catalytic thin films, or 
deposition of microporous catalyst layers on microstructured surfaces. Finally the 
microreactor can be entirely constructed from the catalytic active material or of its 
precursor. This method was used for one of the first reactions studied in a 
microstructured wallreactor: the partial oxidation of propene to acrolein [40]. The 
reactor consisted of a stack of 100 copper foils of 14x1 4mm containing 80 
microchannels. To obtain a catalytic active surface of copper oxides the walls of 
the microchannels were oxidized by di-oxygen. Under the chosen reaction 
conditions (350-375°C, reactant concentrations <lvol%) acrolein selectivities of 
up to 50% could be observed. 

Honicke and coworkers chose aluminium as construction material. The 
developed microstructured reactor consisted of 672 parallel rectangular channels 
of 200x200 fim^. The specific surface of the micro channels was increased by 
anodic oxidation of the aluminium surface resulting in a thin porous layer of 
AI 2 O 3 . The obtained oxide layer had a very regular pore structure oriented 
perpendicularly to the flow direction. This porous layer served as support for the 
catalytically active components [40-42]. 

The reactor concept was tested for several complex consecutive reactions: 
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• Selective hydrogenation of benzene to cyclohexene [43, 44] 

• Partial gas phase hydrogenation of cyclodecatriene and cyclooctadiene 
[44] 

• Selective oxidation of 1 -butene to maleic anhydride [43] 

• Selective oxidation of ethene to ethane-oxide (oxiran) [43, 45, 46] 

Whereas in the above mentioned examples the catalytic layer was developed 
within the micrchannels, the reactor can be constructed directly from the catalytic 
active material. Kestenbaum et al. [47] used silver foils for the construction of a 
microchannel reactor for the partial oxidation of ethen to oxiran. A similar concept 
was recently proposed by Fichtner et al. [48, 49]. The authors used a 
microstructured rhodium catalyst for the partial oxidation of methane to syngas. 
The partial oxidation of methane can be considered as a coupling of the 
exothermic oxidation and endothermic reforming, which occur at different 
reaction rates. Therefore, the use of a material with high thermal conductivity can 
avoid pronounced axial temperature profiles. The reactor was operated under 
autothermal conditions at 0.17-0.6 MPa and temperatures of ca. 1100°C. The 
observed temperature difference between inlet and outlet of the reactor was in the 
order of 100°C. For a ratio of CH4/02=2 a methane conversion of 50% and a 
selectivity towards hydrogen of 70% could be obtained. 

If the reactor material is not catalytically active or can be used as precursor for 
the development of an active layer, the catalyst must be deposited on the reactor 
walls. Different methods are described in the literature. Sol-gel methods [50-53] 
are commonly proposed to obtain a porous support layer on the wall of the 
microchannel. The catalytically active phase can be deposited on the porous layer 
by classical methods like precipitation or impregnation. Rouge et al. [34] used the 
sol-gel or wash-coating method to get uniform layers of y-alumina. The initial 
solutions for wash-coating are either colloidal suspensions of boemithe in water or 
solutions of aluminium alkoxides [54]. By subsequent heating of the deposited 
film to 450-500°C, a layer of porous is obtained. The method was 

reported to be satisfactory for films up to 2pm. [52, 53]. To get thicker films, y- 
alumina powder was added to the aqueous suspension of boemithe. Boemithe acts 
as a binder for the particles [55]. For the coating of rectangular stainless steel 
microchannels (300x240 pm^, 20mm length) Rouge developed a six step 
procedure to ensure a homogeneous deposition of y-aluminia [34, 36]. The loading 
was in the order of 0.4 mg/channel. 

Besides wash-coating physical vapor deposition (PVD) [56], chemical vapor 
deposition [57], or aerosol techniques [58] are known. An interesting approach 
was reported by Fichtner et al. [59]. The authors used dispersions of commercially 
available nano-particle powders for the catalytically active coatings. The 
advantage of this method is that no further procedures like impregnation or 
precipitations are necessary. The final pore structure depends on the type of nano- 
particles used and the thermal treatment. First experimental results were reported 
for the steam reforming of methanol [60]. Reuse et al. [61] developed a coating 
method for the direct use of commercially available catalysts. The activity of the 
catalyst layer was found to exceed the values of the original formulation. By the 
proposed method a sometimes tedious and time consuming procedure for the 
development of an active catalytic layer can be shortened or even avoided. 
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4 Membrane Reactors 

The concept of membrane reactors is mainly proposed to overcome equilibrium 
limitations in chemical processes [62]. Different membrane materials for the use 
in microstructured devices were recently developed. Wegner et al. [63, 64] 
developed ultrathin polymeric membranes for the separation of ethylene oxide 
from ethylene. It has been shown that polymer layers with a thickness of only 50 
to lOOnm can be used efficiently in separation processes and resist large pressure 
changes. 

Hydrogen can be selectively separated with Palladium membranes [65]. 
Therefore, Pd membrane reactors are used in hydrogenation and dehydrogenation 
processes. But the extensive use of Pd membranes is limited by their high cost, 
due to the thick Pd films of 10-25|Lim employed in traditional membrane 
fabrication [65]. In addition, thick Pd films greatly reduce efficiency, since the 
hydrogen flux through the film is inversely proportional to its thickness. 
Microfabrication methods offer an opportunity to produce membranes with much 
lower film thickness [66]. Cui et al. [67] developed a micro membrane reactor on 
silicon for the catalytic dehydrogenation of cyclohexane to benzene. The reaction 
chamber consisted of 80 microchannels 50|im wide, 400mm deep and 8pm long. 



Inlet Outlet 




Reactor Can 

Membrane 

Reaction 

Chamber 



Fig. 8: Design of the micro membrane reactor [67] 




Fig. 9 : Separation membrane [67] 

The separation membrane is 6mm by 8mm, with 80 folded rectangular 4pm thick 
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Pd foil structures 50 |im wide, 200 |im high and 6mm long anchored on silicon 
(Fig. 8 and 9). 

The design and fabrication of zeolite based microreactors and membrane 
microseparators was reported by Yeung et al. [68, 69]. Four different strategies for 
the manufacture of the microreactors were presented: zeolite powder coating, 
uniform zeolite film growth, localized zeolite growth, and etching of zeolite- 
silicon composite film. The zeolites were deposited either as film or dicrete 
islands with controlled particle size, crystal morphology and a layer thickness of 
3- 16pm. 



5 Microreactors for Periodic Operation 

Forced periodic concentration oscillations in continuously operated reactors can 
lead to a considerable increase of selectivity and reactor performance compared to 
the optimal steady state [70, 71]. In particular, the reactor performance can be 
drastically increased for catalytic reactions with educt inhibition, as shown in 
experimental and theoretical studies [72, 73]. The obtainable performance depends 
strongly on the amplitude and frequency of the imposed parameter variations. The 
optimal cycle period depends on the reaction kinetics and the reactor behaviour 
and may be in the range of seconds up to hours. Due to the high inertia of 
conventional reactors the attainable frequencies are in the order of lO’"^ to 10'^ Hz. 
To increase the frequency microstructured reactors were recently proposed [57]. 
Microstructured multichannel reactors allow forced concentration variations of up 
to 1 Hz [36]. 

One of the examples for the increased reaction rate by periodic variation of 
reactant concentration in the reactor is the dehydration of alcohols over 
amphoteric oxides, e.g. AI2O3 [74, 75]. 

RCH2CH2OH RCHCH2 + H2O 



2ROH 


^ ROR + HjO 


The kinetics of this reaction can be described by considering a model with two 
different active sites i involved in the catalytic action. The supposed reaction 
scheme and the resulting kinetic equations are as follows: 


Model 


Kinetic equations 


A + S,^^AS, 


ri=kiCA(l-e,)-k_i0i 


A + S,;^^AS2 


^2 =k2C^ (l-02)-k_202 



ASi+S2^^B + C + S,+S2 ^ 2 ) 

ASi+AS^^^D + C + Si+S^ 



Alcohol (A) is strongly adsorbed on an acid site (Si) and weakly on the basic 
S2. An adjacent empty basic site (S2) is required for the formation of an olefin. 
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while the production of ether necessitates two occupied sites (ASi and AS2). 
Under steady state conditions the rate of olefin formation increases with the 
reactant concentration Ca up to a maximum value. A further concentration 
increase leads to a decrease of the reaction rate due to the blocking of free S2 sites 
(Fig. 10 ). In order to increase the yield of the olefin it was proposed to stop 
periodically the feed of alcohol in the reactor inlet. After a feed stop, the alcohol 
desorbs rapidly from S2 but almost not from Si. As a consequence, the surface 
concentration of empty S2-sites rises quickly, which results in an increase of the 
instantaneous reaction rate of olefin formation until the accumulated surface 
compound (ASi) has been consumed. 

At the same time ether formation is suppressed. The obtainable reactor 
performance and olefin selectivity depends strongly on the amplitude and 




Fig. 10 : Mean reaction rate over a period as function of the feed concentration for different 
length of period and cycle split of 7^0.9 [76] 



frequency of the imposed concentration variations. The optimal cycle period is 
related the adsorption capacity of the catalyst and must be in the range of the 
characteristic time of the surface processes. 
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Fig. 11 :Photo and sketch of fluid flows in the microstructured reactor (Institut fur 
Mikrotechnik, Mainz) [77] 

When the forced cycling is repeated sufficiently often, the results within the 
periods become identical. For this cycle invariant conditions the predicted mean 
production rate as a function of the reactant concentration and length of period is 
shown in Fig. 10 for a constant cycle split of y=0.9 [76]. The mean reaction rates 
are considerably higher compared to the maximum at steady state for 
concentrations exceeding the optimal steady state value. If the adsorption 
equilibrium for sites 2 is attained rapidly, high frequencies for the concentration 
oscillations are required to get a maximal average reaction rate. If instantaneous 
adsorption equilibrium is supposed, the optimal length of period approaches zero 

(tp=>0). 

Compared to conventional randomly packed beds microchannel reactors are 
much more suitable for periodic operation at high frequencies, due to their small 
dimensions and well defined structure. As the channel diameters are in the order 
of several micrometers, microstructured multichannel reactors operate under 
laminar flow conditions. But, due to the short radial diffusion times the radial 
concentration profile is flat, leading to a narrow residence time distribution of the 
reactants. The latter characteristic is of crucial importance for non steady state 
operation. Only reactors with a uniform residence time can be used to get the full 
advantage of forced concentration variations [77]. 

For the catalytic dehydration of isopropanol a special microchannel reactor 
consisting of microstructured stacked plates was designed and constructed (Fig 
1 1) [36]. The geometry of the plates and of the stack itself was optimised to avoid 
mixing in the entrance and outlet area and to distribute evenly the flow between 
the different channels [37]. 

The reactor, plates as well as the housing, was constructed of stainless steel. 
Each plate contains rectangular channels of 300 |xm width, 240 pm depth and 20 
mm length. The developed microchannel reactor can be operated efficiently at 
frequencies up to 1 Hz. 
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time [5} 

Fig. 12 : Outlet concentrations as function of time. T=200°C, P1.26 bar, CiPrOH,average=0.45 
mol/m^ (STP). Symbols: experimental values; lines: model simulation [77] 
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Fig. 13 : Mean selectivity and conversion as function of cycle period. T=200°C, P1.26 
bar, CiPrOH, average^ 0.45 mol/m^ (STP). Symbols: experimental values; lines: model 
simulation [77] 



In Fig. 12 the instantaneous outlet concentrations of the reactant, isopropanol 
and the products, propene and diisopropylether are shown for a cycle period of 
tp=30 s and a space time of x=0.165s. An important phase shift between the 
concentration oscillations of isopropanol and the propene is observed, whereas the 
formation rate of ether is proportional to the reactant concentration. This results in 
considerable changes in the conversion and the product selectivity (Fig. 13). 

Depending on the length of period, the conversion increases from 32% at 
steady state up to 51% under forced periodic operation. At the same time the 
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olefin selectivity reaches 95% compared to 83% at steady state. In addition, the 
productivity for the target product could be nearly doubled (Fig. 14). 




Fig. 14: Average reactor performance as function of cycle period and space time. 
T=200°C, P1.26 bar, CiPrOH,average^0.45 mol/m^ (STP). Symbols: experimental values; 
lines: model simulation [77] 

The variables generally investigated are the fluid-flow and/or the inlet 
concentrations. Theoretical studies suggest that periodic changes of the reactor 
temperature can help to get useful informations on the catalyst behaviour as well 
as reaction mechanism and should be considered for reactor optimisation [78]. 

Investigation on the dehydration of ethanol to diethylether over cation 
exchange resins showed that for heterogeneously catalysed reactions the 
adsorption and desorption constant may influence greatly the transient reactor 
behaviour [79]. However, the published results highlight the difficulty for 
experimental investigations in this domain, due to the high inertia of conventional 
systems. Hence, no further studies with conventional reactors were reported in the 
field. 

Quiram et al. [80] showed that very fast temperature jumps can be obtained in 
single channel microsystems. Brandner et al. [81] studied the transient behaviour 
of an electrically heated microreactor and found a characteristic response time of 
about 30 s. In order to reduce the response time, thermo-fluids were used by 
Rouge and Renken [82] for fast heating and cooling of the system. A proper 
design of the temperature control allows fast temperature changes or a periodic 
variation of the temperature in a multi-channel microreactor. The catalytic 
dehydration of isopropanol to propene was studied as a model reaction. 



6 Conclusions 

Microstructured reactors are characterized by their high heat and mass transfer 
performances compared to conventional reactor systems. Therefore, fast and 
highly exothermic reactions can be safely carried out. microstructured reactors 
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allow an efficient process intensification and to work under conditions not 
attainable in traditional reactors. 

Although the flow in micro multichannels is laminar, a uniform radial 
concentration profile and consequently a narrow residence time distribution is 
obtained. This allows to optimize the contact time in the reactor and to avoid 
unwanted consecutive reactions. The main problem for the use of microstructured 
reactors in heterogeneous catalysis is the introduction of catalytically active 
micro-porous materials. The catalytic materials should have high activity/- 
selectivity and mechanical stability under reaction conditions. Therefore, the 
development of catalyst layers which can be strongly anchored on the reactor 
walls remains a challenge for the future. 
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